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Abstract 
Crystallization of amorphous lactose during storage at high relative humidity and high temperatures 
has been found to impair the quality of skim milk powders. This is related to the glass transition of 
lactose. Above a certain temperature (glass transition temperature) amorphous lactose transfers 
through the rubbery zone into a crystalline state due to increased molecular mobility and as a result 
of water plasticization. During this phase transition the chemical and physical properties of lactose 
alter which for example results in increasing rates of the Maillard reaction and losses especially of one 
essential amino acid- lysine. Other than relative humidity and temperature during storage, the 
crystallization of lactose in milk powder is assumed to be affected by the chosen drying method.  
In this work skim milk powders were produced by a spray dryer, a freeze dryer or a drum dryer. The 
powders obtained by each drying method were analysed, i.e. the glass transition temperature, water 
activity and water content were determined. Thereafter the powders were stored at two different 
conditions (RH 33%, 20°C and RH 53%, 30°C) for six weeks. During storage the powders were analysed 
after one, two, four and six weeks. Relations between the glass transition temperature, water content 
and water activity for each powder were established and compared in between the different drying 
methods. 
It could be concluded in this work that the glass transition temperature, determined by differential 
scanning calorimetry, of freeze dried skim milk powder after manufacturing was significantly higher 
compared to that of spray dried or drum dried skim milk powders. Lactose in all skim milk powders 
obtained after manufacturing was in an amorphous state which implies that the process parameters 
used are suitable for drying skim milk. During storage of skim milk powders (drum dried, spray dried 
and freeze dried) at RH 33% and 20°C lactose stayed in the amorphous state throughout a storage time 
of six weeks. However, during storage at RH 53 % and 30°C lactose crystallized already after one week 
or earlier. The results of this work show which storage conditions that are most suitable to choose for 
a consumer of skim milk powder containing products in order to maintain the quality of the powder. 
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1 Introduction 
Skim milk powder is obtained by drying fresh skim milk – the product which remains after separating 
fat from whole milk (Bylund, 1995). The main reason for drying milk is to increase its shelf life but also 
to reduce costs for transportation due to a lower volume and weight of the powder. Skim milk powder 
can easily be reconstituted with water into liquid milk. The high nutritional value, high protein content 
and low fat content makes skim milk powder to be a favourable ingredient in dry mixes, bakery 
products, confections, infant formulas, sports and nutrition foods, ice cream, cheese and meat 
products (Canadian Dairy Commision, 2011). In these foodstuffs the functional properties of skim milk 
powder such as emulsifying, thickening, foaming, browning or its solubility are utilized  (Canadian Dairy 
Commision, 2011).  
The most common method used today for drying skim milk is spray drying. The milk is thereby usually 
first evaporated in order decrease the energy consumption in the drying step (Kessler, 1996). However, 
the way of drying milk has in recent years been questioned due to several health aspects. When milk 
is heated reactions between milk constituents occur (Bengmark, 2007). Reducing sugars react with 
free amino groups and as a result of this reaction Maillard products are formed. When the Maillard 
reaction occurs especially one of the essential amino acids –lysine- having a free amino group reacts 
and is transferred into a form which is unavailable for the human body to metabolize (Schmitz, 
Gianfrancesco, Kulozik, & Foerst, 2011). Amino acids, peptides or proteins which have been irreversibly 
modified in the Maillard reaction are in a collective name known as advanced glycation end products 
(AGEs) (Tareke, 2013). There is evidence that AGEs are involved in the cause of inflammations in the 
human body (Bengmark, 2007). This could be concluded by the discovery of RAGE (receptor for 
advanced end products), which is a ligand receptor of immunoglobulins, that earlier has been 
connected to play a certain role in diabetes, inflammations and cancer. Binding in of AGEs to the RAGE 
seems to emerge pro-inflammatory conditions (Bastos & Gugliucci, 2015). It is today a fact that the 
amounts of AGEs in processed foods has increased during the last decade, whereas dairy products 
contain the highest amounts of AGEs (Bengmark, 2007). In previous years food quality has been 
determined by sensory quality and to reduce growing of microorganisms rather than focusing on 
maintaining the nutritional value (El & Kavas, 1997).  
Loss of lysine has not only been studied during heat processing of milk but also during storage of milk 
powders, where the loss of lysine were found to be even higher compared to in milk powders after 
manufacturing (Bengmark, 2007). This type of behaviour has been found to be connected to the 
crystallization of the reducing sugar in milk- lactose. When amorphous lactose arranges into a crystal 
it goes through a state called the rubbery state. During this state the losses of lysine have been found 
to be at their maximum (Schmitz, Gianfrancesco, Kulozik, & Foerst, 2011).  
Today, there is a lack in knowledge about the transition of lactose in milk powders produced by 
different drying methods. This work aims to deepen the knowledge and understanding of the glass 
transition of lactose in different milk powders in order to reduce losses of lysine. 
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2 Objectives 
The objective of this work was to deepen the knowledge about how different drying methods affect 
the crystallization of lactose in skim milk powders after manufacturing and also during storage. 
Thereby the essential tasks in this project were to 
 determine the glass transition temperature of lactose in skim milk powders (drum dried, freeze 
dried, spray dried) after manufacturing 
 investigate if there is a difference in the glass transition temperature of lactose in skim milk 
powder produced by different drying methods 
 investigate if there is a difference in glass transition temperature of lactose when storing skim 
milk powders at two different conditions (RH 33 %, 20°C and RH 53 %, 30°C) 
 investigate if evaporation as a pre-treatment of milk before drying has an impact on the glass 
transition temperature of lactose 
For the last mentioned task evaporated skim milk was dried by freeze drying, spray drying and drum 
drying and then compared with freeze dried, spray dried and drum dried skim milk powders produced 
by non-evaporated skim milk. In that way the industrial way of producing skim milk powder was 
imitated. 
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3 Background and literature study 
3.1 The composition of milk 
Milk is an oil-in-water (O/W) macro emulsion of fat globules dispersed in a water phase (Strixner, 
2012). The amount of constituents in milk slightly differs among mammals and also during seasons 
(Fox, 2009) (Walstra, Geurts, Noomen, Jellema, & van Boekel, 1999). Cow’s milk consists of 87 % water, 
4.2 % fat, 4.7 % lactose, 0.8 % salts and minerals, 0.6 % milk serum proteins and 2.7 % caseins 
(Holzmüller, 2013). Each constituent of milk will be briefly described in the following sections. 
3.1.1 Fat 
In raw milk nearly all of the fat is present in form of fat globules having a diameter of 1-6μm (Walstra, 
Geurts, Noomen, Jellema, & van Boekel, 1999) (Holzmüller, 2013). The core of the fat globules contain 
a mixture of different lipid classes such as neutral glycerides (monoglycerides, diglycerides, 
triglycerides) but also free fatty acids, sterols and fat soluble vitamins. Fat globules in milk are enclosed 
by a 5-20 nm thick membrane which contains many proteins and phospholipids (Holzmüller, 2013). 
The size of fat globules in raw milk contributes to issues of the shelf life of milk due to creaming 
(Walstra, Geurts, Noomen, Jellema, & van Boekel, 1999). The differences in density of the dispersed 
phase (fat) and the continuous phase (serum) causes creaming and this is especially prone to happen 
when fat globules start to aggregate and form floccules (Walstra, Geurts, Noomen, Jellema, & van 
Boekel, 1999). Creaming is exploited during the production of skim milk, whereas the fat is separated 
from whole milk by centrifugation (Walstra, Geurts, Noomen, Jellema, & van Boekel, 1999). In the pre-
treatment of commercial milk creaming is delayed. This is carried out by exposing milk to high 
mechanical energy input (high-pressure homogenization). During this step the fat globules undergo 
deformation and disruption which results in smaller fat globules with a diameter of <0.8 μm (Walstra, 
Geurts, Noomen, Jellema, & van Boekel, 1999). A smaller diameter of fat globules implies lower 
sedimentation rates according to Stokes law, see Equation 1,  
𝑣 =
𝑑2(𝜌𝑑−𝜌𝑐 )𝑔
18𝜂𝑐
   Equation 1 
where 𝑣 is the velocity of sedimentation (m/s), 𝑑 is the diameter of the fat globule (m), 𝜌𝑑   is the 
density of the dispersed phase (kg/m3), 𝜌𝑐 is the density of the continuous phase (kg/m
3), 𝑔 is the 
gravity constant (m/s2) and 𝜂𝑐 is the viscosity of the continuous phase (Pa s). An increased surface area 
of the fat globules after homogenization enables milk proteins to bind to the surface and thereby 
increase the stability of the emulsion (Holzmüller, 2013).  
3.1.2 Lactose 
Lactose is a disaccharide which consists of D-glucose and D-galactose joined together by a β-1,4- 
glycosidic bond, see Figure 1. The free hemiacetal on the glucose unit (right hand ring) enables 
mutarotation which implies that lactose is a reducing sugar (Walstra, Geurts, Noomen, Jellema, & van 
Boekel, 1999). In milk lactose has two stereoisomers; α-lactose and β-lactose, which differ in the 
position of the hydroxyl group in the anomeric centre. In α-lactose the hydroxyl group is in an axial 
position and in β-lactose it is in the vertical position (Schmitz S. , 2011). There is a big difference 
between the solubility of the β- and α-form of lactose whereas the β-form is more soluble in water 
(500g/l at 20°C) compared to the α-form (70g/l at 20°C) (Fox, 2009). At equilibrium the two isomers in 
a solution at room temperature occur in proportions of 37 % α-lactose and 63% β-lactose (O'Brien, 
2009). At temperatures above 93.5°C the α-form is most soluble whereas the solubility of the β-form 
is less temperature dependent (Fox, 2009). 
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Figure 1. The molecular structure of lactose, consisting of glucose (right) and galactose (left) joined by a β-1, 4- glycosidic 
bond (Mathews, van Holden, & Ahern, 1999). 
3.1.3 Caseins  
The protein content in milk is to 80% constituted of caseins, which are made up of four phosphor 
proteins (αS1, αS2, β, κ). Approximately 80-95 % of all caseins in milk occur in form of micelles i.e. 
aggregates of several casein proteins, see Figure 2 (Holzmüller, 2013). κ-casein is situated at the outer 
layer of the casein micelle and helps to stabilizes it and prevents it from aggregation with other casein 
micells. κ-casein consists of a hydrophobic, insoluble peptide end and a hydrophilic, soluble 
glucopeptide end. It is when these two peptides (referred to as para-k-casein and 
caseinomacropeptide) are separated from each other, for example by adding chymosin, that the casein 
micelle collapses and a curd is formed (Holzmüller, 2013). Caseins are very heat resistant and hardly 
denatured because they have little secondary and tertiary structure (Walstra, Geurts, Noomen, 
Jellema, & van Boekel, 1999). 
 
Figure 2. Model of a casein micelle based on Horne, showing the hydrophobic and hydrophilic regions of κ-casein 
(Holzmüller, 2013) 
3.1.4 Milk serum proteins 
The four main serum proteins (also referred to as whey proteins) in milk are β-lactoglobulin, α-
lactalbumin, immunglobulin and serum albumin. Especially β-lactoglobulin and α-lactalbumin are a 
rich source of essential amino acids. The amounts of essential amino acids in these two serum proteins 
and in the four phosphoproteins of caseins are shown in Table 1 (Walstra, Geurts, Noomen, Jellema, 
& van Boekel, 1999). 
Milk serum proteins undergo denaturation and aggregation during heating. For β-lactoglobulin and α-
lactalbumin denaturation occurs at temperatures of 78°C and 62 °C respectively (Roos Y. , 2006). 
Unfolding of β-lactoglobulin during thermal processes splits disulphide groups and results in reactive 
sulfhydryl groups which can aggregated to form sulphur bridges either with other sulfhydryl groups of 
β-lactoglobulin or with unfolded α-lactalbumin (Holzmüller, 2013). Denaturated β-lactoglobulin can 
also form sulphur bridges with κ-casein to form a complex which helps to stabilize the casein micelle 
and obstructs the possibility of chymosin to split the hydrophobic and hydrophilic parts of κ-casein 
(Bylund, 1995).  
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Table 1. Composition of essential amino acids in β-lactoglobulin, α-lactalbumin and the four phosphoproteins in caseins 
(mol/kg protein) (Walstra, Geurts, Noomen, Jellema, & van Boekel, 1999). 
Component αS1-Casein αS2-Casein β-Casein κ -Casein α-lactalbumin β-lactoglobulin 
Valine 0.47 0.55 0.79 0.58 0.42 0.49 
Leucine 0.72 0.52 0.92 0.42 0.92 1.20 
Isoleucine 0.47 0.44 0.42 0.68 0.56 0.55 
Phenylalanine 0.34 0.24 0.38 0.21 0.28 0.22 
Threonine 0.21 0.59 0.38 0.74 0.49 0.44 
Lysine 0.59 0.95 0.46 0.47 0.85 0.82 
Tryptophan 0.08 0.08 0.04 0.05 0.28 0.11 
Methionine 0.21 0.16 0.25 0.11 0.07 0.22 
Histidine 0.21 0.12 0.21 0.16 0.21 0.11 
 
3.1.5 Salts and minerals 
Milk is rich in mineral salts such as for example calcium and phosphor. Calcium has a great impact on 
the structure of cheese and it is present in the casein micelles. Phosphor is present in form of 
phospholipids and phosphoproteins in milk (Holzmüller, 2013). Other important salts present in milk 
are sodium, potassium and magnesium (Bylund, 1995). 
3.1.6 Water  
The high water content in milk has a crucial impact on the physical properties of milk. The density and 
freezing point of milk are comparable with those of pure water (approximately 1.028 g/cm3 and -0.54°C 
respectively) (Bylund, 1995). Because of the high water content, high amounts of nutrients and a pH 
of approximately 6.7, milk is a favourable place for microorganisms to grow (Holzmüller, 2013).  
3.2 Drying of milk 
There are several reasons for drying milk. Milk powders can be reconstituted with water into liquid 
milk whereas the reconstituting ability is an important requirement on milk powders (Kessler, 1996). 
Compared to liquid milk the volume and weight of milk powders is much lower which is a great benefit 
for transportation (Kessler, 1996). However, the most important reason for drying milk is to extend its 
shelf life by removing water to a certain amount where growing of microorganisms is limited (Bylund, 
1995) (Kessler, 1996). Milk powders have a water activity of approximately 0.2, see Figure 3. At such a 
low water activity not only the grow of bacteria, molds and yeasts are limited, but also enzymatic 
activity and several chemical reactions such as the Maillard reaction, lipid oxidation and hydrolytic 
reactions have low reaction rates (Schmitz I. , 2013). In order to maintain the quality of milk powders 
after manufacturing proper packing is required to exclude contact with air or light (Kessler, 1996).  
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Figure 3. Moisture sorption isotherm and reaction rates of deteriorative reactions (AquaLab, 2015) 
3.2.1 Milk powders 
Milk powders are categorized according to the raw material used for dehydration. For example whole 
milk powders are made of whole milk resulting in a powder with a fat content ≥ 26.2 %, while skim 
milk powders are made of skim milk, resulting in a powder with a fat content ≤ 1 % (Schmitz I. , 2013). 
The composition of these milk powders are shown in Table 2. It can be seen that lactose is the 
constituent which is present in highest amounts in both whole milk powder and skim milk powder 
(Walstra, Geurts, Noomen, Jellema, & van Boekel, 1999).  
Table 2. Composition of whole milk powder and skim milk powder (Belitz, Grosch, & Schieberle, 2009) 
Constituents Whole milk powder (%) Skim milk powder (%) 
Water 2.7 3 
Protein 26.5 38.2 
Fat 27.4 0.9 
Lactose 37.7 49.6 
Minerals 5.7 8.2 
 
3.2.2 Manufacturing of skim milk powder  
The first step in the manufacturing of skim milk powder is to produce skim milk, which means 
separation of fat out of whole milk by creaming. This is performed by heating whole milk to a 
temperature of 55°C, followed by centrifugation in order to separate the fat globules (Kessler, 1996). 
Skim milk has thereafter a fat content of 0.05 to 0.08 % (Walstra, Geurts, Noomen, Jellema, & van 
Boekel, 1999). The next step is to pasteurise skim milk at 72°C for 20 s. After pasteurisation skim milk 
is evaporated to a dry matter of 45% which is usually carried out in a multiple-effect evaporator 
(Bylund, 1995). The evaporated skim milk is then kept at a temperature of 70°C and is led to a spray 
dryer. Spray drying is today the most common method used for drying milk (and is described in more 
detail in section 3.3.3), however there are alternative methods applied as well such as drum drying 
(see section 3.3.2). During spray drying of milk the inlet temperature is kept at  150°C-250°C and the 
outlet temperature at about 79-80°C, resulting in a milk powder with a moisture content of 2-5% 
(Bylund, 1995). When spray drying is completed the obtained skim milk powder is very hygroscopic 
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and should be agglomerated. Agglomeration means that the powder particles are clustered together 
by remoistening into 1-3 mm big granulates (Kessler, 1996). The increased size of the particles give the 
powder a better reconstitution ability, i.e. it instantly solubilises in cold water (Canadian Dairy 
Commision, 2011). Agglomeration can be carried out for example by wetting the powder in a fluidized 
bed or by wetting in a pipe. After agglomeration the powder is heated once again in order to dry it to 
a moisture content of 3-4 % and then cooled to a temperature of 30°C (Kessler, 1996) . The final step 
in the manufacturing is to pack the powder properly excluding the air and light in order to maintain its 
quality (Kessler, 1996).   
3.3 Drying methods 
There are several possibilities to dry skim milk whereas evaporation is a pre-treatment. In the following 
sections evaporation and the three drying methods used in this work are described.  
3.3.1 Evaporation 
During the manufacturing of skim milk powder approximately 80 % of the water is removed by 
evaporation while 10.5% is removed by drying and 5 %  of the water remains in the product (Schmitz 
I. , 2013) (Kessler, 1996). In Table 3 the average percentage of primary energy demand for different 
processing operations in Dutch manufacturing of milk powder is shown (Wang L. , 2009). It appears 
that drying is the process in which the energy demand is the highest and a high energy demand is 
related to high operational costs (Kulozik, 2013).  
Table 3. Average percentage of primary energy demand for different operations in Dutch production of milk powder 
(Wang L. , 2009) 
Operation  Energy consumption (%) 
Thermization/pasteurization/centrifugation 2.5 
Thermal concentration/evaporation 45 
Drying 51 
Packing 1.5 
 
In order to reduce the high operational costs for the drying step, milk is first pre-concentrated by 
evaporation to a total solid content of 40-50 %. During evaporation the heat transfer coefficient is 
much higher (for flowing water: 500-2000 W/m2 K) compared to the heat transfer coefficient during 
drying (for mean air speed: 10-30 W/m2 K) (Kulozik, 2013). The energy consumption is approximately 
20 times lower during evaporation compared to that of the drying step (Kulozik, 2013). Other than the 
savings in energy there is also another benefit of having evaporation as a concentrating step and that 
is a more favourable crystallization of lactose (Kessler, 1996) (Jouppila & Roos, 1994a). 
The most common evaporator used in the dairy industry today is the falling film evaporator (Bylund, 
1995). This type of evaporator consists of several steam heated tubes which are vertically arranged. 
The product enters at the top of the evaporator were it is equally dispersed over the tubes by a nozzle. 
The product thereafter falls vertically along the heated tubes, forming a thin film on the tubes surface, 
during which vapour is formed due to evaporation. When the product (now a concentrate) reaches 
the bottom of the tubes it is separated from the vapour (Kessler, 1996).     
3.3.2 Drum drying 
A drum dryer is an example of an indirect dryer which means that drying proceeds by heat transfer 
from an external medium (conduction) (McCabe, Smith, & Harriott, 2005). Drum drying is an applicable 
method for drying products such as viscous liquids, suspensions, slurries or pasts (Daud, 2006). It was 
in the late 1940s when drum drying was introduced as a way to produce skim milk powder. This drying 
method was used for approximately 10 years before it was more or less replaced by the more efficient 
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spray drying in the 1950s (Lucas-Clements, 1981).The fluid product is fed on to the surface of a rotating 
steam-heated drum and spread out by counter-rotating drums to a thin film, see Figure 4 (a). Several 
counter-rotating drums can be used in order to apply several layers of the product onto the drum in 
order to increase the total thickness of the resulting product film. The heat of the condensing steam 
inside the drum is transferred through the metals surface and starts to increase the temperature of 
the product film. At the boiling temperature water starts to evaporate and the liquid product is 
transferred into its solid state (Daud, 2006). After this transformation the temperature of the product 
continues to increase until it has reached the temperature of the drum or slightly below it (Daud, 2006). 
After approximately one fourth of a revolution of the drum the dried product is scraped off by a blade 
which is pressed against the drums surface at an angle of 15° to 30°, see Figure 4 (b) (Kessler, 1996) 
(Caparino, et al., 2012). The obtained product after drum drying is either porous flakes or a powder 
(Daud, 2006).  
When drum drying milk the temperature of the steam is usually between 120°C and 165°C. Whether 
skim milk or whole milk is drum dried, a pre-concentration by evaporation to a dry matter of 45-55% 
is necessary (Bylund, 1995). A final moisture content of 4 % is achieved in powders after drum drying 
(Kessler, 1996).  
Drum dryers are divided into single drum dryers and double drum dryers, see Figure 4 and Figure 5. 
These differ in the way the product is fed on to the drum and in the number of drums used (Kessler, 
1996). When applying milk on the double drum dryer the product is fed in between two drums, see 
Figure 5 (c), from where it is pulled through the small gap when the drums start to rotate in opposite 
directions. A thin film of the product is thereby applied on each drum. As for the single drum dryer the 
product is scraped off after one rotation by a blade, see Figure 5 (d). Above the double drum dryer a 
fan is installed which removes the vapour that is formed during the drying process, see Figure 5 (e) 
(Kessler, 1996). 
There are also other installations of drum dryers available such as for example a vacuum dryer, which 
is suitable for drying heat sensitive products (Daud, 2006). Drum dried skim milk powder is today 
utilized for animal feed while drum dried whole milk powder is mainly used in the chocolate industry 
(Kessler, 1996). 
3.3.3 Spray drying 
Spray drying is today the most common and important method used to dry fluid foods such as milk 
(Daud, 2006). Often pre-concentration (dry matter 45-55%) of the milk is carried out in form of 
evaporation as a pre-treatment step for spray drying (Bylund, 1995).  
Figure 4.4.A single-drum dryer (Kessler, 1996) Figure 5.5A double-drum dryer (Kessler, 1996) 
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The simplest installation of a spray dryer consists of an air heating system (a), a high pressure pump 
(b), a drying chamber with an atomizer located on the top (c) and a cyclone (d) connected to air suction 
fans and filters (e), see Figure 6 (Bylund, 1995) (Walstra, Geurts, Noomen, Jellema, & van Boekel, 
1999). During spray drying the product is dried by exposing it to a hot gas, i.e. by convection. The fluid 
product is pumped into the drying chamber by passing an atomizer, which could be for example a two-
fluid nozzle (f) dispersing the product into small droplets by compressed air, see Figure 6. The size of 
the droplets varies depending on the product (for skim milk about 60 μm) (Daud, 2006). Inside the 
drying chamber the droplets are exposed to the preheated gas which flows either in the same direction 
as the product (co-current flow) or in the opposite direction of flow product (count-current). The hot 
air transfers heat to the droplet which causes vaporization of water. This water will be taken up by the 
air, cooling it and the powder and leave the drying chamber through the air outlet (Kessler, 1996) 
(McCabe, Smith, & Harriott, 2005).  
 
Figure 6. A one-stage conventional spray dryer with a two-fluid nozzle (Westergaard, 2010) (Kessler, 1996) 
The main part of the dried product during spray drying will settle to the bottom of the drying chamber 
and be discharged while the rest of the product often remains in the gas outlet where it enters the 
cyclone (Kessler, 1996). In the cyclone most of the remaining product will be separated from the gas 
and assembled with the product from the drying chamber. Finally, the product is moved whilst cool air 
to a place for packaging. (Kessler, 1996) (Walstra, Geurts, Noomen, Jellema, & van Boekel, 1999).  
A common problem which arises in obtained spray dried powders is that they often are very 
hygroscopic, sticky and difficult to reconstitute in water. In order to avoid these properties in the end 
product the powder is agglomerated in a fluidised bed which is often connected to the drying chamber 
of the spray dryer (Bylund, 1995). The powder falls through the drying chamber into the beginning of 
the fluidised bed from where it is further conveyed by vibration through the whole bed. In the 
beginning the powder is exposed to hot steam which increases the moisture and causes 
agglomeration. Thereafter the powder is conveyed further where it is being exposed to hot air. The 
powder then dries through evaporation until the requested moisture content has been reached 
(Bylund, 1995).  
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The great advantages of spray dryers, compared to for example drum dryers, are that there is a short 
drying time and low drying temperatures are applied which enables drying also of heat sensitive 
products (Daud, 2006) (McCabe, Smith, & Harriott, 2005). The temperature of the inlet air when spray 
drying milk is usually 150°C to 250°C while outlet temperatures are usually about 70°C to 80°C (Bylund, 
1995). 
3.3.4 Freeze drying 
During freeze drying the product is dried via sublimation. The product is frozen before freeze drying in 
order to allow ice vaporization (Kessler, 1996).This is accomplished by creating a certain condition 
below the triple point that is in vacuum. Usually a temperature of or below -10°C at a pressure of or 
below 2mmHg (266 Pa) is used during freeze drying (Liapis & Bruttini, 2014). In comparison with drum 
drying and spray drying this drying method is the best alternative for maintaining powder quality such 
as aroma, flavour, nutritional values and furthermore limitation of the Maillard reaction (Kessler, 1996) 
(Liapis & Bruttini, 2014). Freeze dried milk powder is also the one with the best reconstitution ability 
due to its porosity and the rigid surface which arises after sublimation (Liapis & Bruttini, 2014). 
A freeze dryer consist of a freezing chamber, freeze drying chamber with several heatable shelves 
where the product is placed, an ice condenser where the lyophilized vapour becomes ice, a vacuum 
pump to maintain vacuum and a heating/cooling system (Kessler, 1996). 
Freeze drying is an expensive drying method due to the slow drying rate and is therefore not applicable 
for production of skim milk powder. However, it is used for drying other foodstuffs which otherwise 
are difficult to dry such as soups, coffee and onions. Freeze drying is also used to dry pharmaceutical 
products (Liapis & Bruttini, 2014). 
3.4 Definition of phase transitions 
When exposing a material to changes in temperature or pressure the physical state of the material will 
change and it will undergo a phase transition. The driving force behind a phase transition is a change 
in chemical potential between two phases (Roos Y. , 2006). The chemical potential, μ, is defined by the 
fundamental equation of Gibbs energy for n constitutions and N particles, see Equation 2, 
𝑑𝑈 = 𝑇𝑑𝑆 − 𝑝𝑑𝑉 + 𝜇 ∑ 𝑑𝑁𝑖
𝑘
𝑖=1  Equation 2 
were U is the internal energy of a system, T the temperature, S the entropy, p the pressure and V the 
volume (Roos Y. , 1995). The phase with the highest chemical potential always strives towards the 
phase with lower chemical potential in order to achieve equilibrium and an energetically more 
favourable state (Roos Y. , 1995). However, when two phases coexist the chemical potential in each 
phase is equal (Roos Y. , 2006). Phase transitions are divided into first-order, second-order, third order 
and higher orders. These phase transitions can be visualizes at a certain pressure or temperature 
(transition temperature) by changes in the slope of a plot either of the chemical potential against 
temperature (at constant pressure) or as a plot of chemical potential against pressure (at constant 
temperature).  When studying the plot for a first-order transition, i.e. the first derivative of the 
chemical potential the entropy, enthalpy and volume (for two phases) show a discontinuity at the 
transition. In contrast for second-order transitions the (second derivative of the chemical potential) 
entropy, enthalpy and volume show no discontinuity at transition. However, for second-order 
transitions the heat capacity is different in both phases and a change of the expansion coefficient 
occurs (Roos Y. , 2006). Transition of first-order occur at constant temperatures and a certain amount 
of latent heat is released or required for the transition to occur. This is the case for melting, 
crystallization, vaporization and sublimation (Roos Y. , 1995). One example of a second-order transition 
is the glass transition, i.e. the phase transition of amorphous materials (Roos Y. , 1995). During a glass 
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transition the amorphous, metastable material is transferred into a supercooled liquid state (Roos Y. , 
2006). 
3.4.1 The glass transition 
The glass transition is a phase transition of second-order which occurs when an amorphous compound 
is transferred from its glassy state into a viscous liquid, often referred to as a “rubbery” state (Roos Y. 
, 2006). This phase transition occurs when the temperature exceeds the glass transition temperature 
(Roos Y. , 1995). 
Amorphous materials have an irregular, inhomogeneous structure in form of densely packed regions 
and loosely packed regions. They are metastable, which means that they are in a thermodynamically 
disequilibrium. Amorphous compounds are furthermore characterised by having a very high viscosity, 
up to 1012 Pa s, and their mechanical properties therefore often are similar to those of solid materials 
(window glass) (Kulozik, 2013a) (Roos Y. , 2009). Due to the high viscosity the molecular mobility in 
amorphous materials is limited which results in very low reaction rates. Among foodstuffs often water-
soluble compounds with a low water content are found to be in an amorphous state (Roos Y. , 1995).  
However, the molecular mobility in amorphous materials can increase when the temperature exceeds 
the glass transition temperature. This implies a decrease in viscosity. The glass transition temperature 
at which this occurs is not at a specific temperature but more of a temperature range. This range is 
individual for every amorphous material and it extends over 10°C-30°C (Roos Y. , 1995). Among this 
temperature range either the onset or the midpoint temperature is usually referred to as the glass 
transition temperature (Tg) (Roos Y. , 1995). Tg is often found to be about 100°C below the melting 
temperature of the corresponding crystalline form (Roos Y. , 2006).  
The water content of a material affects its glass transition temperature (Roos Y. , 1995). Water has the 
ability to act as a plasticizer which means that it softens the structure of the material. Water also 
increases the free volume in the amorphous materials which lowers Tg (Roos Y. , 1995). It has been 
concluded that also the molecular weight of the materials has an impact on Tg (Roos Y. , 1995). For 
example disaccharides have a higher Tg than monosaccharides (Jouppila & Roos, 1994a). The Fox and 
Flory equation, see Equation 3, shows the relation of the glass transition temperature and the 
molecular weight, 
𝑇𝑔 = 𝑇𝑔(∞) −
𝐾
𝑀𝑛
 Equation 3 
where Tg (∞) is the limiting value of Tg, 𝑀𝑛 is the average molecular weight and K is a constant. From 
this equation it appears that small molecular weight molecules give a depression on Tg (Roos Y. , 1995).  
 In Figure 7 the glass transition and further formation into a crystal and a melt is illustrated 
schematically. The transition from an amorphous state into a crystal is explained by the fact that a 
regular and ordered structure of a crystal is thermodynamically more stable which triggers the non-
stable amorphous material to transform (Kulozik, 2013a). For the transformation to occur the input of 
heat or water is required in order to increase the molecular mobility which is required to rearrange 
molecules into a regular structure. Crystallization of amorphous compounds occurs above the glass 
transition temperature and below the melting temperature (Roos Y. , 1995). From Figure 7 it appears 
that the glass transition from an amorphous state into a crystalline state is irreversible. However, the 
transition from a glass into a melt is reversible (Roos Y. , 1995).  
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Figure 7. Transitions of an amorphous compound through the rubbery state into a crystal and further into a melt. Based on 
(Roos Y. , 2001) and (Bhandari & Howes, 1999). 
Lactose has been found to occur in either a glassy or crystalline state. In a work of Haque and Roos 
spray dried (amorphous and crystalline) and freeze dried (amorphous and crystalline) lactose was 
demonstrated in scanning electron micrographs, see Figure 8 (Haque & Roos, 2004). The fact that there 
is a change in the mechanical properties of the two states of lactose becomes obvious from these 
pictures and the reason behind this will be explained in the following sections. 
 
Figure 8. Scanning electron micrographs of amorphous spray dried lactose (A), crystalline spray dried lactose (B), amorphous 
freeze dried lactose (C) and crystalline freeze dried lactose (D) (Haque & Roos, 2004).  
3.4.2 Theory of free volume  
The free volume theory is one way to explain the increase in molecular mobility and thereby changes 
in mechanical property in a material that undergoes a second-order transition. In order to achieve 
increased molecular mobility in the amorphous material it is assumed that there are small holes in the 
bulk state (a free volume) which enables the molecules to move around when the material is either 
heated or water is added (Roos Y. , 1995). The free volume is proportional to the inverse of molecular 
weight. Water, for example, which also acts as a plasticizer has a very low molecular weight which 
results in an increase of free volume. The free volume,𝑉𝑓, is assumed to be constant in an amorphous 
material at the glass transition and is defined by Equation 4, 
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𝑉𝑓 = 𝑉 − 𝑉0  Equation 4 
where V is the macroscopic volume and 𝑉0 is the volume which is occupied by molecules.  
The factional free volume is defined as the ratio of macroscopic volume and free volume, see Equation 
5, 
ʄ =
𝑉
𝑉𝑓
  Equation 5 
and it is related to the glass transition temperature and the thermal expansion coefficient (𝛼ʄ) of the 
amorphous material according to Equation 6, 
ʄ = ʄ𝑔 + 𝛼ʄ (𝑇 − 𝑇𝑔) Equation 6 
where ʄ𝑔 is the fractional free volume at the glass transition temperature (Roos Y. , 2006). 
3.4.3 Relaxation times 
When an amorphous material is exposed to a change in temperature or pressure and undergoes glass 
transition, a certain amount of time is required for the mechanical properties such as for example the 
viscosity of the material to alter (Roos Y. , 2006). This time is called the relaxation time. The relation of 
changes in viscosity during relaxation times above the glass transition temperature is described by 
Equation 7, 
𝑙𝑜𝑔( 𝐴𝑡) =
−𝐶1(𝑇−𝑇0)
𝐶2+(𝑇−𝑇0)
 Equation 7 
where 𝐴𝑡 is the ratio of relaxation times at an observed temperature to the relaxation time of a 
reference temperature, 𝐶1and 𝐶2 are constants, T is an observation temperature and 𝑇0 is a reference 
temperature. This equation is known as the William-Landel-Ferry (WLF) equation and it is applied to 
predict the temperature dependence of relaxation times of mechanical properties in amorphous 
polymers (Roos Y. , 1995). The WLF-equation has been suggested to be valid for temperatures of Tg to 
Tg + 100°C (Roos Y. , 1995). The constants in Equation 7 have also been related to the fractional free 
volume (ʄ0) and thermal expansion (𝛼ʄ) from the free volume theory according to Equation 8 (Roos Y. 
, 2006). 
𝑙𝑛(𝐴𝑇) =
−(
𝐵
ʄ0
)(𝑇−𝑇0)
ʄ0
𝛼ʄ
+(𝑇−𝑇0)
 Equation 8 
3.5 Amorphous and crystalline lactose 
In the solid state lactose exists either in an amorphous glassy form or in a crystalline form (Roos Y. , 
2009). Lactose in an amorphous state is formed by fast dehydration of milk, for example during spray 
drying, whereas the remaining water is removed so quickly that crystallization will not have time to 
occur (Wang & Langrish, 2007). Amorphous lactose is hygroscopic and it has a certain amount of water 
bond into its irregular structure (Wang & Langrish, 2007). In milk powders amorphous lactose encloses 
fat globules and proteins (Vuataz, 2001).  Certain issues are connected when producing amorphous 
lactose during spray drying, these are in form of deposits on the walls of the drying chamber which 
implies losses of the product (Wang & Langrish, 2007).  
However, amorphous lactose can begin to soften above the glass transition temperature and form 
lactose crystals (Roos Y. , 1995). Tg is thereby dependent on water activity and the water content of 
the powder (Vuataz, 2001) . The amorphous state of lactose can convert into the crystalline state when 
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it is exposed to a high humidity or a high temperature. This phenomena has been known to occur 
during storage of milk powder (Roos Y. , 2001). 
Figure 9 below shows sorption isotherms (water content as a function of water activity) at 20°C for 
some dairy products (Kessler, 1996). In this figure the conversion of amorphous into crystalline lactose 
is indicated for each product as a discontinuity in the sorption isotherm. This shows that the properties 
of amorphous lactose change when it turns into its crystalline state. This seems to be happening at a 
relative humidity of 40-50 % (Kessler, 1996). 
 
Figure 9. Sorption isotherms of some dairy products 1,2,3 skim milk powder, 4,5 whole milk powder, 6 whey powder,             
7 strawberry quark, 8 lemon quark and 9 processed cheese at 20°C (Kessler, 1996) 
In a study by Jouppila and Roos it was concluded that pure lactose crystallizes at a relative humidity 
above 40% while in skim milk powder lactose crystallized at a relative humidity above 50 % after 1 day 
at 24°C (Jouppila & Roos, 1994). Crystallization of amorphous lactose in skim milk powder is delayed 
due to presence of high molecular weight compounds such as proteins and other minor compounds 
(Jouppila & Roos, 1994) (Haque & Roos, 2005).  
According to a study an equation for the relation between the glass transition temperature and water 
activity was established, which was suggested to be used in order to predict the Tg of any kind of milk 
powder by only determining the water activity of the powder at 25°C, see Equation 9 (Vuataz, 2001). 
𝑇𝑔 [°𝐶](𝑎𝑤) = −425𝑎𝑤
3 + 545𝑎𝑤
2 − 355𝑎𝑤 + 101 Equation 9 
This equation will be referred to as the Vuataz equation throughout the report. 
3.5.1 Different crystal forms of lactose 
There are several different crystal forms in which the two anomers of lactose can be transferred into 
(Drapier-Beche, Fanni, Parmentier, & Vilasi, 1997) (Jouppila, Kansikas, & Roos, 1997). While the α-
anomer of lactose crystallizes as α-lactose monohydrate (5 % water bound) (Vuataz, 2001)), stable or 
unstable anhydrous α-lactose, the β-anomer of lactose crystallizes as anhydrous β-lactose (Fox, 2009) 
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(Jouppila, Kansikas, & Roos, 1997). However, also mixtures of different lactose crystals of α/β have 
been identified. In milk powder lactose crystallizes as α-lactose monohydrate (which is the natural 
stable crystalline form), as anhydrous mixtures of α and β-lactose or as anhydrous beta-lactose (Haque 
& Roos, 2005) (Drapier-Beche, Fanni, Parmentier, & Vilasi, 1997) (Jouppila, Kansikas, & Roos, 1997). 
Bushill et al. reported that amorphous lactose in freeze dried and spray dried powders crystallized 
mainly into the α-monohydrate form but it could also turn into the anhydrous form consisting of α- 
and β-lactose in molar rations of 5:3 (Bushill, Wright, Fuller, & Bell, 1965). The β-lactose form is often 
produced by drum drying (Schmitz S. , 2011). 
The parameters that determine which crystal type is formed out of amorphous lactose in milk powder 
is the storage temperature, time, relative humidity, composition and the drying method used (Haque 
& Roos, 2005) (Jouppila, Kansikas, & Roos, 1997). Also pre-concentrating of milk in form of 
evaporation, when high temperatures are applied, have an impact on the mutarotation of lactose 
anomers and therefore an effect on what type of crystal that is formed (Jouppila, Kansikas, & Roos, 
1997).  
Lactose crystallizes as α-lactose monohydrate at temperatures below 93.5°C and anhydrous β-lactose 
forms out of a water solution at temperatures above 93.5°C (Belitz, Grosch, & Schieberle, 2009). When 
heating the α-lactose monohydrate to temperatures of 110-130°C or even above 130°C the unstable 
and stable anhydrous α-lactose is formed respectively (Schmitz S. , 2011). The properties of each 
crystalline form varies in melting temperature (Belitz, Grosch, & Schieberle, 2009). In Table 4 the 
melting temperature for each crystal form is given. 
Table 4. Melting points of the crystal forms of lactose (Roos Y. , 1995)  
Crystal form Melting point (°C) 
α-lactose x H2O 201-202 
α-lactose 222.8 
β-lactose 253 
 
The most common technique used to distinguish different crystals of lactose formed in skim milk 
powders is X-ray diffraction (XRD) (Kim, Chen, & Pearce, 2009). The structure of a crystal has different 
atomic arrangement which gives a certain XRD pattern as a function of a diffraction angle. Peaks at a 
diffraction angle of 16.4° are for α-lactose monohydrate, 10.5° for anhydrous β-lactose and 22.1° for 
anhydrous crystals with α/β-lactose in a molar ratio of 5:3 (Jouppila K. , 2006). 
3.5.2 The state diagram of milk 
In Figure 10 the state diagram of whole milk (also applied for skim milk) is shown as a function of 
temperature and amount of total solids. The state diagram is applied to study phase transitions that 
may occur at certain temperatures and water contents in milk. There are three main lines drawn in the 
diagram which are the solubility line (Ts), the line for the freeze point depression (Tf) and the line for 
the glass transition temperature (Tg) (Vuataz, 2001). The manufacturing of skim milk powders by for 
example spray drying, as explained in section 3.2.2, can be studied in the state diagram as indicated, 
see orange lines in Figure 10.  
It is further shown in the state diagram that there are two possible ways to form crystals of lactose, 
either by cooling of a concentrate below the Ts-line or by heating an amorphous milk powder above 
Tg (Vuataz, 2001). The different kinds of crystals that are formed depending on temperature and water 
content are also shown in the state diagram. The delay of crystal formation of amorphous milk 
16 
 
powders during storage is shown by the dotted lines above the glass transition temperature (Tg-line) 
(Vuataz, 2001). 
 
Figure 10. State diagram for whole milk (lactose and water phase transitions), 1= pasteurisation, 2 = evaporation, 3 = spray 
drying, 4= cooling (Vuataz G., 2001). 
3.6 The glass transition, water content and water activity  
3.6.1 Differential scanning calorimetry 
Differential scanning calorimetry (DSC) is a technique used to perform thermal measurements on 
polymers and food materials (Hammer, 2010) (Roos Y. , 1995). By recording the heat flow from a 
sample and a reference as a function of temperature and time, a DSC thermogram provides 
information of phase transition phenomena such as the glass transition, crystallization and melting 
(Hammer, 2010).  
The sample to be analysed is placed in a pre-weight aluminium pan which thereafter is hermetically 
sealed and put next to a reference (empty aluminium pan) in the DSC unit. The DSC program is then 
started and the temperature inside the DSC unit stepwise increases or decreases. Among a certain 
temperature range the sample will undergo phase transition and this results in changes between the 
energy supplied to the reference pan and the pan containing the sample (Roos Y. , 1995). This change 
in heat flow to each pan is recorded and visualized as a fluctuation of the baseline in the thermogram. 
 In Figure 11 a typical thermogram (heat flow as a function of temperature) obtained by DSC is shown. 
The endothermic step change in the beginning of the thermogram is a phase transition of second-order 
(Tg). An exothermal peak and an endothermic peak follow which are phase transitions of first order 
and indicate crystallization (Tc) and melting (Tm) respectively.  
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Figure 11. A thermogram of a DSC measurement showing the step change for the glass transition (Tg), an exothermic peak 
for crystallization (Tc) and an endothermic peak for melting of crystals (Tm) (Burapha University, Department of Chemistry 
Faculty of Science, 2004) 
From the thermogram above the onset temperature for crystallization and melting can easily be 
determine from reading off the x-axis. Also the latent heat of crystallization and the latent heat of 
fusion can be determined from the thermogram by peak integration (Roos Y. , 1995). In Figure 11 the 
glass transition temperature, which is defined rather as a temperature range, can be determined by 
reading off either the onset or midpoint temperature of the step change on the x-axis, see Figure 12 
(Roos Y. , 1995). However, it seems to be of advantages to choose the onset temperature due to rapid 
changes in a food systems above Tg (Roos Y. , 2006). The change in heat capacity of the step change 
can be determined from the thermogram by reading the corresponding value for the onset transition 
temperature and the endset glass transition temperature on the y-axis, see Figure 12. 
 
Figure 12. The glass transition shown as a step change in a thermogram (Roos Y. , 1995) 
DSC measurements have been performed in several works to determine the glass transition 
temperature of pure lactose and lactose in milk powders (Haque & Roos, 2004) (Jouppila & Roos, 
1994a) (Drapier-Beche, Fanni, Parmentier, & Vilasi, 1997) (Vuataz, 2001). It was found that the glass 
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transition temperature of anhydrous lactose was 101°C and the glass transition temperature of lactose 
in skim milk powder was found to be almost the same (Jouppila & Roos, 1994a). These DSC 
measurements have often been combined with determinations of water content and water activity of 
the analysed sample in order to investigate how Tg is related to these parameters (Vuataz, 2001).  
An issue that can occur when trying to determine the glass transition temperature of lactose in skim 
milk powder in a thermogram is that the endothermic peak of relaxations can be mistaken for being 
Tg (Roos Y. , 2006). In order to prevent this the sample is once scanned to the end of the relaxation, 
then rapidly cooled into the glassy state (50°C below the expected Tg) and finally heated a second time 
over the glass transition in order to predict the true Tg (Vuataz, 2001). 
3.6.2 Sorption isotherms 
Storage of skim milk powder and skim milk powder containing products, such as for example infant 
formula, in open packages results in adsorption of water due to the hygroscopic property of 
amorphous lactose. The amount of water that is absorbed by lactose depends on the relative humidity 
of the air. This is indicated by sorption isotherms for different milk powders and other dairy products 
such as the ones in Figure 9. There are in particular two equations used in the literature to model the 
water sorption isotherm in milk powders; the Guggenheim-Anderson-de Boer (GAB) and the Brunauer-
Emmett-Teller (BET) (Jouppila & Roos, 1994) (Haque & Roos, 2004) (Jouppila, Kansikas, & Roos, 1997). 
The BET and GAB equations are shown in Equation 10 and 11 respectively,  
𝑚
𝑚𝑚
=
𝐶𝐵×𝑎𝑤
(1−𝑎𝑤)[1+(𝐶𝐵−1)×𝑎𝑤]
   Equation 10 
 
𝑚
𝑚𝑚
=
𝐶𝐺×𝐾×𝑎𝑤
(1−𝐾×𝑎𝑤)×[1+(𝐶𝐺−1)×𝐾×𝑎𝑤]
  Equation 11 
where 𝑚 is the water content (g H2O/100g solids), 𝑎𝑤 is the water activity, 𝑚𝑚 is the monolayer water 
content and 𝐶𝐵,𝐶𝐺 and 𝐾 are constants (Jouppila & Roos, 1994). The BET sorption isotherm is usually 
applied at water activity ranges of 0 to 0.5 (Roos Y. , 1995). The GAB isotherm can be fitted to data 
over a wider range of water activities compare to the BET sorption isotherm, but may diverge at higher 
water activities (Vuataz, 2001).  
3.6.3 The Gordon-Taylor equation  
The water content has a great impact on the glass transition temperature of lactose in milk powders. 
When the water content increases the glass transition temperature decreases due to water 
plasticization (Jouppila & Roos, 1994a) (Roos Y. , 2009). The Gordon- Taylor equation can be applied to 
predict the glass transition temperature of binary systems at various water contents, see Equation 12 
(Roos Y. , 1995). It has been used for all kinds of amorphous food compounds to demonstrate the 
impact of water on Tg (Vuataz, 2001). This equation has for example been used to predict the Tg of 
lactose in milk powders (assuming that all solids in the powder form one phase).  
𝑇𝑔 =
𝑤1×𝑇𝑔1+𝑘×𝑤2×𝑇𝑔2
𝑤1+𝑘×𝑤2
  Equation 12 
In Equation 12 𝑤1 is the weight fraction of the solute, 𝑤2 is the weight fraction of water, 𝑇𝑔1 is the 
transition temperature of the anhydrous solute, 𝑇𝑔2 is the transition temperature of amorphous water 
and 𝑘 is an empirical constant (Jouppila & Roos, 1994a). A transition temperature of -135 °C is 
commonly used for amorphous water (Jouppila & Roos, 1994a). It has been shown that the constant 
𝑘 increases linearly with increasing anhydrous transition temperatures for amorphous sugars 
according to  
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𝑘 = 0.0293 × 𝑇𝑔 + 3.61  Equation 13 
From Equation 13 the empirical constant can easily be derived from experimental data on 𝑇𝑔 (Roos Y. 
, 2009). For anhydrous lactose, having a transition temperature of 101°C (onset glass transition 
temperature), the 𝑘- value is 6.56 according to Equation 13 (Roos Y. , 1995) (Roos Y. , 2006) 
The derived relation of glass transition temperatures and water contents by the Gordon-Taylor 
equation has been used to establish the glass transition curve (Tg-line) in the state diagram of lactose, 
see  Figure 10 (Roos Y. , 2009). When combining the curve for the glass transition temperature of 
Gordon-Taylor equation with a sorption isotherm the relation of the glass transition temperature and 
water activity can be obtained as a function of the water content (Vuataz, 2001). This is very useful in 
order study effects of water plasticization on Tg of milk powders stored at various storage conditions, 
see Figure 13 (Roos Y. , 2001). 
3.6.4 Critical water content and water activity 
In Figure 13 the state diagram for lactose, i.e. the Tg-line and the GAB sorption isotherm is shown. It is 
known that lactose undergoes glass transition when it absorbs so much water, that the Tg is decreased 
to the storage temperature due to water plasticization (Jouppila, Kansikas, & Roos, 1997). The 
conditions when this happens are called the critical water content and critical water activity (Roos Y. , 
2006). In Figure 13 it is shown that if the Tg is the same as the storage temperature (20°C) the critical 
water content is just below 8 g/100g dry solids and the critical water activity is approximately 0.37. 
This implies that if lactose for example in milk powder is stored at 20°C the water content and water 
activity most be below their critical values in the powder in order to avoid the glass transition and 
following crystallization of lactose to occur. A water content and water activity above the critical values 
would instead result in glass transition and time dependent crystallization of lactose (Roos Y. , 2009). 
It is hereby concluded that the rate of crystallization of lactose depends on the difference in T-Tg. An 
increase in the difference of T-Tg will increase the rate of crystallization (Jouppila & Roos, 1994a).  
 
Figure 13. The glass transition line established with the Gordon-Taylor equation shown together with the GAB isotherm for 
lactose (Roos Y. , 2006). 
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3.7 Quality and health aspects of skim milk powders 
3.7.1 The Maillard reaction in dried milk 
The Maillard reaction, also referred to as non-enzymatic browning, is a reaction that takes place 
between reducing sugars and amino acids during heat processing of foods. As milk is a rich source of 
lactose and proteins the Maillard reaction is especially prone to occur during evaporation or drying of 
milk (Schmitz, Gianfrancesco, Kulozik, & Foerst, 2011). In Table 1 the essential amino acids in milk 
proteins are listed. Lysine is one of the amino acids with an amine residue which makes it especially 
reactive in the browning reaction. The carbonyl group of lactose hereby reacts with the ε-amino side 
chain of lysine to form a Schiff base, see Figure 14 (Coultate, 2009). There are many desirable effects 
of the Maillard reaction which are favourable in the food industry such as providing of aroma and 
brown colour. However, in milk powders the Maillard reaction has rather undesirable effects (Tareke, 
2013). Lysine is an essential amino acid and the loss of it implies loss in protein quality. During the 
Maillard reaction lysine is transferred into a glycosylated amino acid which no longer can be 
metabolized in the human body (Coultate, 2009). 
3.7.2 Advanced glycation end products  
Amino acids, peptides or proteins which have been irreversibly modified in the Maillard reaction are 
in a collective name known as advanced glycation end products (AGEs) (Tareke, 2013). The formation 
of AGEs is initiated by the formation of an Amadori product (a rearrangement of a Schiff base) which 
further undergoes transformations into a great varieties of AGEs, see Figure 14 (Bengmark, 2007). In 
foods the Maillard reaction results in hundreds of different compounds with different properties 
(Bastos & Gugliucci, 2015) 
 
Figure 14. The Maillard reaction and formation of AGE-compounds (Gkogkolou & Böhm, 2012) 
AGEs formed during industrial heating of foods can accumulate in the human body, settle into tissue 
in the body and induce inflammations. Furthermore, they can weaken the immune system, impair DNA 
repair mechanisms and increase the rate of infections (Bengmark, 2007). Due to these side effects of 
AGEs in the body they are believed to be connected to the cause of several diseases such as diabetes, 
Alzheimer’s disease, allergies, autoimmune diseases as well as cancer (Bengmark, 2007).One of the 
absolute greatest source of AGEs among foods are dairy products, whereas milk powder and cheese 
are known as the richest in AGEs (Bengmark, 2007). The high consumption of dairy products such as 
milk powder in infant formulas, were the main source of nutrition is milk powder, shows the 
importance of this issue (El & Kavas, 1997) (Schmitz, Gianfrancesco, Kulozik, & Foerst, 2011). 
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3.7.3 Loss of lysine connected to the state of lactose 
When lactose is in its amorphous state in milk powder it appears as a continuous mass which encloses 
milk proteins and fat globules (Vuataz, 2001) (Schmitz, Gianfrancesco, Kulozik, & Foerst, 2011). In this 
state the rate of the Maillard reaction is limited due to low mobility and the loss of lysine is low. During 
crystallization of lactose however, water is released which leads to a higher water activity followed by 
increased rates of the Maillard reaction. The state of lactose between the glassy state and crystalline 
state is called the rubbery region. When lactose has transitioned into a crystal, it is regularly ordered 
and once again less available to react with the reducing sugar (Schmitz, Gianfrancesco, Kulozik, & 
Foerst, 2011). In a work of Schmitz et al. the loss of lysine in an infant formula model system consisting 
of skim milk, lactose and whey protein was heated 30 min at different temperatures and 
determinations of available lysine were carried out. Hereby it was found that at a certain temperature 
there is always a maximum in loss of lysine. It could be concluded that this maximum in loss of lysine 
occurred in the rubbery state of lactose, see Figure 15 (Schmitz, Gianfrancesco, Kulozik, & Foerst, 
2011).  
 
Figure 15. Loss of lysine as a function of water activity at different temperatures. Between the left and right dotted lines is 
the rubbery region of lactose (Schmitz, Gianfrancesco, Kulozik, & Foerst, 2011) 
The fact that losses of lysine are highest when lactose is in the rubbery state indicates how important 
it is to be able to understand and control the glass transition of lactose during manufacturing and 
during storage. As soon as the package of skim milk powder containing products, such as for example 
gruel for infants, is opened by the consumer and stored in a inappropriate way the quality of the 
powder is lost and AGEs are formed which may affect the health of humans.  
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4 Material and method  
4.1 Experimental design 
The experimental design of producing freeze dried, spray dried and drum dried skim milk powders, 
analysing the powders, storage and analysis of stored powders is shown in Figure 16. Powder 1, 2 and 
3 were produced from pre-evaporated skim milk (dry matter 36.84 %) which was provided by 
Skånemejerier. Powder 4, 5 and 6 were produced from skim milk (Skånemejerier) which was bought at 
a local supermarket in Lund. The dry matter of the bought skim milk was determined to 9.29 %, see 
Appendix 10.1.  After production all powders were analysed and the glass transition temperature, 
water activity and water content were determined in triplicates. The powders were thereafter stored 
for six weeks in desiccators at two different conditions. Milk powders were collected from each 
desiccator after one, two, four and six weeks and analysed in triplicates as after production. 
 
Figure 16. Experimental design-the preparation, analysis and storage of skim milk powder (ESD=evaporated spray dried, 
EDD= evaporated drum dried, EFD=evaporated freeze dried, DD=non-evaporated drum dried, SD=non-evaporated spray 
dried, FD= non-evaporated freeze dried). 
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In the following sections the three different drying methods used to prepare the milk powders are 
described. All parameters for freeze drying, spray drying and drum drying where chosen according to 
similar experiments performed in an ongoing doctoral study (Aalaei, 2014). 
4.1.1 Freeze drying 
The commercial skim milk and the evaporated skim milk were put on stainless steel trays (one litre of 
milk on each tray) and put into a freezer (-20°C) over night. The trays with milk were covered with 
aluminium foil which was punched with small holes. A LABCONCO freeze dryer was utilized. The drying 
chamber consists of heatable shelves on which the trays were placed, see Figure 17. In total two litres 
of evaporated skim milk and 12 litre of bough skim milk were freeze dried in two runs (seven litre each 
run). 
 
Figure 17. The drying chamber of the LABCONCO freeze dryer (own picture) 
At first, the compressor of the freeze dryer was turned on until the temperature had decreased below 
-50°C. Thereafter the vacuum pump was started and a pressure of 100-200 micron (millitorr) 
(corresponding to 130-260 Pa) was awaited. The freeze dryer was turned on and the shelves inside the 
vacuum chamber were cooled to the desired temperature.  The frozen milk in stainless steel trays 
covered with aluminium foil were now placed on the shelves inside the vacuum chamber. The vacuum 
chamber was closed and the thermostat was turned on. The drying program was thereafter set. A 
regulator regulates the temperature on the shelves and can be programmed to several 
ramp/level/dwell combinations (Pr1, Pl1, Pd1). During freeze drying a starting temperature of -20°C 
and an end temperature of 20°C with an increase in temperature of 1°C/hour was chosen (Aalaei, 
2014). The parameters shown in Table 5 were set on the regulator. 
Table 5. Parameters set on the regulator for freeze drying. 
Parameter Value   Explanation 
Pr 1 1 ramp Increase 1°C/hour 
Pl 1 20 level Stop increase of temperature at 20°C 
Pd 1 300 dwell Stay for 300 hours at 20°C 
Pr 2 END   
 
After setting the parameters the vacuum valve was opened and freeze drying started. The samples 
were freeze dried for seven days. Afterwards the trays were taken out from the chamber and the 
product (powder) was put into vacuum plastic bags. These vacuum plastic bags were put into the 
freezer (-20°C). A certain amount of powder required for performing DSC measurements was not 
frozen. 
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4.1.2 Spray drying 
A spray dryer of laboratory scale, Büchi Mini Spray Dryer B-290, was utilized to dry skim milk. In this 
type of spray dryer the product is exposed to hot air in co-current flow (Büchi Labortechnik AG, 2002). 
The Büchi mini spray dryer consists of a pump, a two-fluid nozzle with a diameter of 1 mm, a drying 
chamber, a cyclone, a collection vessel and a filter, see Figure 18. 
 
 
Figure 18. A Büchi Mini Spray Dryer B-290 (own picture) 
As an initial step before spray drying the evaporated milk and the skim milk powder obtained by freeze 
drying (Powder 6) were diluted to a dry matter of 9 % respectively. This had to be carried out because 
the tubes leading to the nozzle are very small (diameter of 3 mm) which impairs the possibility of 
pumping high concentrated fluids. The chosen inlet and outlet temperatures during spray drying were 
based on a project course in unit operations in biotech and food industry (LTH). In this work it was 
investigated how a high quality milk powder could be achieved by changing feed pump rates, inlet and 
outlet temperatures. An inlet temperature of 150°C was used and the outlet temperature (which 
varied a little during the drying process) was between 71°C and 77°C. The feed pump rate during spray 
drying was set on 45% which corresponds 660 ml/hour (Büchi Labortechnik AG, 2002). The spray dried 
milk powder was collected and put into vacuum plastic bags which were sealed and put in the freezer 
(-20°C). Also here a certain amount of powder was saved for DSC measurements and not frozen. 
4.1.3 Drum drying 
A single drum dryer (manufacturer N:V: Goudsche Machinen Fabrik) with a drum diameter of 20 cm 
was utilized. Hot steam was lead into the drum at a pressure of 3.6 bar. From when the steam was 
turned on approximately 45 minutes were awaited for the drum surface to reach a temperature of 
120°C to 123°C. The speed of the drum was set to approximately 45 seconds per rotation.  
Before drum drying the freeze dried milk (Powder 6) was reconstituted with water up to a 
concentration of 37 % in order to be able to compare the results with the ones for the evaporated milk 
provided by Skånemejerier. The evaporated skim milk and the reconstituted skim milk respectively 
were continuously poured on top of the drum, see Figure 19. After one rotation the dried milk was 
scraped off the drum with a knife and the product was collected and put in vacuum plastic bags which 
thereafter were sealed and put in the freezer. Also here a certain amount of powder was saved for 
DSC measurements and not frozen. 
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Figure 19. Drying of skim milk on the single drum dryer by N:V: Goudsche Machinen Fabrik (own picture) 
4.1.4 DSC 
In order to determine the glass transition temperatures the differential scanning calorimeter SEIKO 
DSC 6200 was utilized. The determination of the glass transition temperature was carried out in the 
software SII EXSTAR6000MUSE. 
The DSC had earlier been calibrated for temperature using water and an indium samples scanned at    
-60 to 60 °C. A pre-weighted aluminium pan was carefully filled with approximately 5mg of skim milk 
powder, avoiding spillage on the outer edge of the pan. Thereafter the filled pan and its corresponding 
lid was sealed. The nitrogen gas supply was opened and the DSC unit including cooling system and 
software were started. The sealed pan was now put on the right hand marker inside the DSC unit while 
an empty sealed pan was placed on the left hand marker inside the DSC unit as a reference, see Figure 
20. 
The conditions for heating were set in the software and as soon as the signal of the baseline had 
stabilized the measurement was started. In order to determine during which temperature range the 
scanning should be performed the glass transition temperature for each powder was predicted with 
the Gordon-Taylor equation, see Equation 12. The constants k and Tg1 in the Gordon-Taylor equation 
were set to 6.56 and 101°C respectively. By determining the water content in each powder the Gordon-
Taylor equation could be solved and Tg could be predicted, see all predicted values before and during 
storage in Appendix 10.7. In addition to this the Tg was also predicted with the Vuataz equation, see 
Figure 20. Two markers for the position of pans inside a DSC unit (left) and two pans (reference to the left) inside a 
DSC unit (own picture). 
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Equation 9. By measuring the water activity for each powder the Tg from the Vuataz equation could 
be predicted, see results in Appendix 10.8. Based on the predictions of Tg the scanning range was set 
specifically for each powder where the starting temperature was chosen at approximately 30°C below 
the expected Tg and 30°C above it. This was performed in order to make sure that the whole Tg-range 
was covered. Also this was considered to be a good idea due to the fact that it is not known if the Tg 
values predicted by Vuataz and Gordon-Taylor equation are the onset or midpoint temperatures. All 
samples were scanned at a heating rate of 5°C/min. This decision was based on the literature study 
(Jouppila & Roos, 1994a). 
For the determination of the glass transition temperature in the software, the “Glass transition 
point/Calculate tangential change amount” tool was used. A marker turned up after choosing the tool 
and now a point on the baseline before the step change and one point after the step change was 
marked. In the program itself two lines were drawn. These lines could be adjusted to fit the slope of 
each base line and also to fit the maximum of the derivative line (blue). After finding a suitable fitting 
the onset, midpoint and endpoint glass transition temperatures were obtained, see Figure 21. It was 
decided to take the onset Tg value as the glass transition temperature for all measurements.  
 
Figure 21. An example of a DSC thermogram obtained by scanning over the glass transition (Powder 5 (SD) stored four 
weeks at RH 33%). 
4.1.5 Water activity 
The water activity in each powder was measured at room temperature in an Aqua LAB Series 3 TE, 
Decagon Devices, USA. 
4.1.6 Water content 
By determination of the dry matter in each powder also the water content is obtained. The 
determination of the dry matter was performed by putting the sample on a pre-weight container which 
was put in a convection oven Termaks for 2 hours at 102°C (Rückold, Grobecker, & Isengard, 2000).  
The empty containers were first pre-heated in an oven at 100 °C in order to remove all possible 
remaining moisture. Thereafter the containers were put in desiccators for a while in order to cool 
down. The containers were handled with forceps in order to avoid fingerprints giving an incorrect 
weight. The weight of the container was registered using a balance Precisa Instruments TYP 290-
9247/S. About 2 gram of skim milk powder was placed into the container and the exact weight was 
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registered before putting it into the oven. After two hours the containers with sample were taken out 
from the oven and weight again. The water content of the sample could thereafter be calculated 
according to 
𝑊𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑤𝑒𝑡 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑦 𝑠𝑎𝑚𝑝𝑙𝑒
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑤𝑒𝑡 𝑠𝑎𝑚𝑝𝑙𝑒
× 100 
4.1.7 Storage of skim milk powders in controlled atmosphere 
Skim milk powder 1,2,3,4,5 and 6 were all stored for six weeks in desiccators, see Figure 22, at two 
different conditions; 
 Relative humidity of 53 % at 30°C 
 Relative humidity of 33 % at room temperature (20°C) 
The choice of these two storage conditions was based on earlier studies in which the loss of lysine at 
different storage conditions had been investigated (Aalaei, Rayner, & Sjöholm, 2014). The desiccator 
with a relative humidity of 53 % was put in an incubator (30°C) while the desiccators with a relative 
humidity 33% were left in a room. 
 
Figure 22.  A desiccator of RH 53 % inside an incubator (own picture) 
4.1.8 Preparation of desiccators 
In order to create a relative humidity of 33 % and 53 % Magnesium chloride (MgCl2) and Magnesium 
nitrate (Mg(NO3)2) were used respectively (Motarjemi, 1988). A certain quantity of each salt and water 
were weight, see Table 6 (Motarjemi, 1988). The salt was thereafter put in the bottom of a desiccator 
and the water was added. Water and salt were mixed to a homogenous solution. The lid was put on 
each desiccator and they were left for one week before use. During this week the solution was mixed 
every day for some minutes. 
Table 6. Quantities of salt and water used for preparing salt solutions for desicators (Motarjemi, 1988) 
Salt Amount of salt (g) Amount of water (ml) 
MgCl2 200 25 
Mg(NO3)2 200 30 
 
After one week the desiccators were ready for use. The powders were put into glass bowls with a 
diameter of 6.5 mm and placed inside the desiccators. The desiccators were thereafter covered with 
black plastic bags in order to ensure that the samples were not exposed to any light.  
4.1.9 Analysis of stored milk powders 
Analysis of stored milk powders was carried out as described in section 4.1.4, 4.1.5 and 4.1.6. 
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4.2 Statistical analysis 
Data were analysed using the analysis of variances (one-way ANOVA) in excel. The differences between 
mean values of two samples were compared in a Student´s t-test with a confidence level of 95 % 
(α=0.05). In all figures the mean value is given ± standard deviation, indicated by error bars. In this 
work all evaporated and non-evaporated powders (1, 2, 3 and 4, 5, 6) and the powders obtained by 
the same drying method (1:5, 2:4, 3:6) were compared.  
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5 Results 
Figure 23 illustrates how the obtained drum dried, spray dried and freeze dried skim milk powders 
(non-evaporated) varied from each other in structure and colour. The drum dried skim milk (to the 
left) appeared as hard flakes with sharp edges and it had a dark yellow colour. The spray dried skim 
milk (middle) was obtained as a very sticky powder with a light white colour. Finally, the freeze dried 
skim milk (to the right) appeared as dry and soft flakes. This powder was very porous and had a darker 
white colour compared to the spray died powder. When taking out the freeze dried milk from the 
freeze dryer is was seen that a rigid surface had formed on top.  
 
Figure 23. From the left:  drum dried, spray dried and freeze dried skim milk powder (non-evaporated) (own picture) 
In the following sections the results of analysing all powders before and after storage are presented.  
5.1 Powder properties before storage 
In Table 7 the water content, total solids, water activity and glass transition temperature measured for 
each powder before storage are shown. In a one-way ANOVA test it was concluded that the water 
content, total solids, water activity and glass transition temperatures were significantly different from 
each other when comparing all six powders at once. The results of the Students t-Test are indicated 
with letters in Table 7. 
Table 7. Water content, total solids, water activity and glass transition temperatures of all powders before storage1,2. 
Product Water content (%) Total solids (%) aw Tgonset (°C) 
Powder 1 (ESD) 3.98 ± 0.26a 96.02 ± 0.26a 0.225 ± 0.002a 36.12 ± 2.60a 
Powder 2 (EDD) 4.62 ± 0.11b,c 95.38 ± 0.11b,c 0.294 ± 0.014b,c 37.29 ± 0.97a,c 
Powder 3 (EFD) 2.08 ± 0.04b,d,e 97.92 ± 0.04b,d,e 0.092 ± 0.006b,d,e 60.12 ± 0.16b,d,e 
Powder 4 (DD) 6.51 ± 0.02b,d,f,g 93.49 ± 0.02b,d,f,g 0.403 ± 0.005b,d,f,g 21.22 ± 2.62b,d,f,g 
Powder 5 (SD) 4.92 ± 0.15b,c,f,h,i 95.08 ± 0.15b,c,f,h,i 0.305 ± 0.019b,c,f,h,i 34.10 ± 1.70a,c,f,h,i 
Powder 6 (FD) 2.79 ± 0.78a,c,e,h,j 97.21 ± 0.78a,c,e,h,j 0.0770 ± 0.0058b,d,f,h,j 67.70 ± 5.31b,d,e,h,j 
1 Mean values ± standard deviation of triplicate samples 
2 Values with same letters within a column do not differ significantly (p>0.05) 
 
5.1.1 The glass transition temperature and the water content 
In Figure 24 the measured glass transition temperature (Tg), the predicted Tg by Gordon-Taylor 
equation and the water content for each powder is shown. When only considering the Tg values for 
themselves, the result shows that powder 3 and powder 6 are the powders with the highest glass 
transition temperature, while powder 1, 2 and 5 seem to have similar Tg values. Powder 4 however 
has the lowest Tg.  
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When comparing only the evaporated powders for themselves it could be concluded that there is no 
significant difference in Tg between powder 1 and 2 but there is significant difference between powder 
1 and powder 3 and between powder 2 and powder 3. When comparing the non-evaporated powders 
for themselves there is a significant different between powder 4 and powder 5, 4 and 6 and powder 5 
and 6. 
Also the powders which have been produced with the same drying method (powder 1 with powder 5, 
powder 2 with powder 4, powder 3 with powder 6) were compared. The results in Table 7 show that 
there is no significant difference in Tg between powder 1 and 5, there is significant difference between 
powder 2 and 4 and there is no significant difference between powder 3 and 6. 
 
Figure 24.  Obtained glass transition temperatures and water contents for all powders before storage (ESD=evaporated 
spray dried, EDD= evaporated drum dried, EFD=evaporated freeze dried, DD=non-evaporated drum dried, SD=non-
evaporated spray dried, FD= non-evaporated freeze dried). 
However, the Tg values have to be considered together with the water content of the powder. In Figure 
24 it is seen that the powder with lowest Tg is also the powder with the highest water content. The 
water contents in each powder are significantly different given by the student´s t-test when comparing 
the evaporated and non-evaporated powders separately and when comparing the ones with same 
drying method used. An exception from this were powder 3 and 6 which were not significantly different 
from each other in water content.  
5.1.2 The glass transition temperature and water activity 
The Tg values are shown in Figure 25 as a function of water activity for each powder. It can be seen 
that powders 3 and 6 have the lowest water activity and highest Tg values.  Powder 4 has the highest 
water activity and lowest Tg value. The one-way ANOVA test concluded that the water activities are 
significantly different when comparing all powders at once. The student’s t-test concluded that all 
water activities between powders compared in pairs are significantly different from each other. In this 
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case only the evaporated and non-evaporated were compared with each other and the ones were the 
same drying method had been used. 
 
Figure 25. Obtained glass transition temperatures and water activities for all powders before storage (ESD=evaporated 
spray dried, EDD= evaporated drum dried, EFD=evaporated freeze dried, DD=non-evaporated drum dried, SD=non-
evaporated spray dried, FD= non-evaporated freeze dried). 
5.2 Powder properties after storage at RH 33 %, 20°C 
The measured values for the water content, total solids, water activity and glass transition temperature 
for each powder after one, two, four and six weeks of storage at relative humidity of 33% are gathered 
in Appendix 10.2.  
In the following sections the measured parameters are presented in more detail. In all figures also the 
results before storage are included for all powders.  
5.2.1 The water content during storage 
In Figure 26 the change in water content is given as a function of time (days of storage) for each 
powder. It can be concluded that all powders absorbed water during the first week of storage except 
from powder 4. When comparing all powders in pairs in it was found that there are significant 
differences in the water content after storage of one week in all powders except from powder 1:5, 
powder 3:6, powder 2:3 and powder 4:6 which were not significantly different, see Appendix 10.2.  
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Figure 26. Changes in water content in each powder during storage at RH 33 %, 20°C. 
5.2.2 Glass transition temperatures and the water content 
The water content and measured glass transition temperature for powder 3 (EFD) are shown in Figure 
27 as an example. In this figure also the Tg values for lactose predicted by the Gordon-Taylor equation 
for the measured water content are demonstrated. The same type of demonstration was done for all 
powders and is to be found in the Appendix 10.3. All predicted values of Tg by Gordon-Taylor equation 
for storage at RH 33 % and also RH 53 % are found in Appendix 10.7. The Tg values during storage of 
one week were significantly different when comparing powders in a student’s t-test, see tables in 
Appendix 10.3, except from powder 1: 5. For the water content after storage of one week all results 
were significantly different except from powder 1:5, powder 2:3, powder 2:4 and powder 2:6. Also 
there was no significant difference with any of the powders with powder 3.  
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Figure 27. Measured Tg, water content and predicted Tg by Gordon-Taylor equation for powder 3 during storage at RH 33 
%, 20°C. 
Figure 28 shows how Tg changes with water content after each week of storage for powder 3 as an 
example. The black line symbolises the predicted Tg by the Gordon-Taylor equation. The black dotted 
line represents the storage temperature and the red dotted line symbolizes the critical water content, 
i.e. the water content which should not be exceeded in order to avoid the glass transition to occur if 
Tg is equal to storage temperature. The corresponding figure for all other powders are found in the 
Appendix 10.4. It can be seen that all Tg values of powder 3 and all other powders are above the 
storage temperature (20°C). All powders also have their water content below the critical water 
content.  
 
Figure 28. Measured Tg presented together with the predicted Tg by the Gordon-Taylor equation for powder 3 during 
storage at RH 33%, 20°C. Storage temperature and critical water content are indicated as black and red dotted lines 
respectively. 
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5.2.3 Glass transition temperature and the water activity 
The water activity measured together with Tg during storage for powder 3 (EFD) as an example is 
shown in Figure 29. In this figure also the Tg predicted by the Vuataz equation is shown as a black line. 
All Tg values predicted by Vuataz equation for the measured water activities are given in Appendix 
10.8. The corresponding figures of all other powders are found in the Appendix 10.5. No significant 
difference in water activity was found for any powder after one week of storage.  
5.3 Powder properties after storage at RH 53 %, 30°C 
The measured values for the water content, total solids, water activity and glass transition temperature 
for all powders after one, two, four and six weeks of storage are gathered in Appendix 10.6. In the 
following sections the measuring parameters are discussed in detail. In all figures also the result before 
storage are included for each powder.  
0
0,05
0,1
0,15
0,2
0,25
0,3
0,35
0,4
0,45
0
10
20
30
40
50
60
70
80
0 7 14 21 28 35 42 49
W
ater activity
G
la
ss
 t
ra
n
si
ti
o
n
 t
em
p
er
at
u
re
 (
°C
)
Time (days)
Powder 3 (EFD) stored 42 days at RH 33 %, 20°C
Measured Tg Predicted Tg by Vuataz Water activity
Figure 29. Measured Tg, water activity and predicted Tg by Vuataz equation demonstrated for powder 3 during 
storage at RH 33 %, room temperature. 
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5.3.1 The water content during storage 
In Figure 30 the change in water content is given as a function of time (days of storage) for each 
powder. It can be seen that all powders absorbed water at least up to 7 days of storage except from 
powder 4.  
 
Figure 30. Changes in water content during storage at RH 53 %, 30°C for all powders. 
5.3.2 Glass transition temperatures and the water content 
From DSC measurements it was found that no glass transition temperature except for that of powder 
6 (FD) could be determined after one week of storage. In Figure 31 the Tg values for all powders before 
storage and also the Tg of powder 6 after 1 week storage is shown as a function of water content. Tg 
predicted by the Gordon-Taylor equation is marked as a black line. The black dotted line represents 
the storage temperature and the red dotted line symbolizes the critical water content. Measured 
values are indicated as triangles while values predicted by Gordon-Taylor equation are marked as 
squares with corresponding colours. 
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Figure 31. Measured Tg and predicted Tg by the Gordon-Taylor equation presented as a function of water content for all 
powders during storage at RH 53%, 30°C. Storage temperature and critical water content are indicated as black and red 
dotted lines respectively. 
5.3.3 Water content and water activity during storage 
The determined water activity and water content during storage for powder 5 (SD) as an example is 
shown as a function of time in Figure 32. The corresponding figures of all other powders are found in 
the Appendix 10.9. Water activities after six weeks of storage are all significantly different except from 
powder 1:2, powder 1:5, powder 2:3, powder 2:4, powder 4:6 and powder 5:6. 
 
Figure 32.Changes in water content and water activity during storage of powder 5 (SD) at RH 53 %, 30°C. 
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6 Discussion 
In the following sections the results will be discussed in the order before storage, storage at RH 33 %, 
20°C and storage at RH 53%, 30°C. 
6.1 Powder properties before storage 
When looking at Table 7 it can be concluded that the water content in each powder before storage is 
different. The water content of a milk powder has a crucial impact on the glass transition temperature 
of lactose according to literature (Roos & Karel, 1990). This can be concluded also in this work when 
looking at Figure 24. The powder with the highest water content also has the lowest glass transition 
temperature. However, all powders in this figure have been produced by three different drying 
methods which means that the mechanism of drying is different in each case. Due to the differences 
in water content in all powders it is difficult to conclude whether the drying method itself also could 
have contribute to differences in Tg. 
The powders obtained after production, in Table 7, were put in desiccators of RH 33% and RH 53% 
relative humidity. This causes the water content and water activity of the powders to be different 
throughout the experiments due to the initial differenced in water content and water activity. A more 
suitable way to perform this part of the experiment would have been to equilibrate all powders in 
desiccators with phosphorous pentoxide (P2O5 , aw=0) in order to get the powders completely dry. The 
powders could been kept in the desiccator for a certain period of time until the weight of each powder 
had stabilized. After equilibration the samples could have been stored in desiccators of RH 33% and 
RH 53%. This method has been mentioned in several works when storing milk powders and should be 
considered for future experiments (Jouppila & Roos, 1994) (Roos & Karel, 1990) (Jouppila & Roos, 
1994a). However, in another perspective the way skim milk powders have been stored in this work 
mimic the procedure that takes place when milk powders are stored in the home of consumers. 
When looking in Table 7 powder 4 (DD) seems to have a very high water content. During the production 
of powder 4 it was observed that the powder was very wet compared to powder 2 (EDD) which had 
been dried in exactly the same way. An explanation for this is probably the difficulties that occurred 
when applying the milk on the top of the drum. During the first rotations of the drum when milk was 
applied the obtained powder was dry. Soon after that the small drum on top of the big drum, which 
spreads out the milk on the drums surface, had been covered with a wet layer of milk. This caused the 
milk to be spread out on the drum as uneven parts, some of them being very wet. When this issue was 
noticed the drum was run dry for a couple of minutes in order to get rid of the wet parts on the upper 
drum before applying more milk. This problem was first found when producing powder 2, however for 
the production of powder 4 it was even more remarkable. This is expected to have caused a high initial 
water content in powder 4 and thereby a low Tg. The behaviour of Powder 4 is different from all other 
powders throughout the experiments both before and during storage. The reason for this behaviour 
will be discussed more in detail later.  
The freeze dried powders (powder 3 (EFD) and powder 6 (FD)) turned out to have the lowest water 
content, lowest water activity and highest Tg which was expected. During freeze drying water is more 
easily removed compared to during spray drying or drum drying due to sublimation. 
It can be seen that all evaporated powders have a lower water content than the corresponding powder 
which was not evaporated. The glass transition temperatures are for the evaporated powders 
therefore higher compared to the non-evaporated ones (an exception is the non-evaporated freeze 
dried powder which had a higher Tg than the evaporated one). Also the water activity was lower in 
evaporated powders (except from the freeze dried). Evaporation in form of a pre-concentration 
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removes water from the milk before drying and this results in a powder with a lower water content 
and a higher Tg. 
There is a significant difference both in water content and Tg among non-evaporated powders. When 
comparing powder1:5 there is a significant difference in water content but not in Tg. In this case the 
same drying method has been used and the drying conditions have been exactly the same. The fact 
that Tg is similar at different water contents suggests that the pre-treatment of milk in form of 
evaporation may have an impact. However, for powder 2 and 4 water contents are different and so is 
Tg, the same is concluded by comparing powder 3 and 6.  
6.2 Storage at RH 33 %, 20°C 
The results from storing powders at RH 33 % and 20°C are presented in the following sections. 
6.2.1 Water content 
When looking at the results of how the water content changes during storage, see Figure 26, it can be 
concluded that the powders absorbed water at least up to one week of storage. An exception from 
this is powder 4. Powder 3 and 6 absorbed water up to two weeks of storage and thereafter there are 
small fluctuations in the water content but it seems to stabilize. Also powder 5 absorbs water up to 
two weeks of storage, then it slowly loses water. Powder 2 takes up less water during the first week 
but even more during the second week and fourth week. Powder 1 absorbs water during the first week 
and then there are only small fluctuations in the water content.  
After the first week of storage the highest amount of water was adsorbed by the freeze dried powders, 
then the spray dried and drum dried (whereas the non-evaporated drum dried powder (powder 4) 
desorbed water). In freeze dried powders there are more hydrogen bonding sites available and 
therefore more water can be bound by the powder compared to spray dried or drum dried powder 
(Haque & Roos, 2004). During spray drying and drum drying shrinkage occurs which causes 
intermolecular interactions and for example hydrogen bonds to form. In this case not as much water 
as in freeze dried powder can be absorbed because the number of free available hydrogen-bonding 
sites are limited (Haque & Roos, 2004). 
Inside a desiccator there is always a striving force to keep equilibrium at a certain relative humidity 
between the salt and the sample.  As long as the powder is amorphous and absorbs water, the salt has 
to desorb water in order to maintain equilibrium. If the powder however crystallizes, bound water 
liberates and the salt now instead adsorbs water to maintain equilibrium (Schmitz, Gianfrancesco, 
Kulozik, & Foerst, 2011). In this work the desiccators with the containing samples were continuously 
opened (after one, two, four and six weeks of storage) in order to collect the samples. When 
desiccators were opened and vacuum released the collected sample was not covered with a lid. Instead 
the powder was used for measurements directly after collection or it was put into a vacuum plastic 
bag. This might however have affected the adsorption of water in the powder and can be considered 
as a possible source of error and explain certain fluctuations in water content in the results. 
6.2.2 The glass transition temperature and water content 
As seen in Figure 27 for powder 3 and Appendix 10.3 for all other powders, the glass transition 
temperature increased with decreased water content during storage. It has been concluded in 
literature that an increase in moisture content decreases Tg (Roos & Karel, 1990).The water content 
and Tg seem to stabilize in powder 3 after one week. It can be concluded that the Tg for lactose 
predicted by the Gordon-Taylor equation shows a similar pattern as the measured Tg values for all 
powders. It is however important to remember that the constants Tg1 and k for the Gordon-Taylor 
equation have been taken from the literature. In Figure 27 the Tg and water content are demonstrated 
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as a function of time and in the Gordon-Taylor equation there is no time dependence. The predicted 
Tg from this equation is also that for pure lactose. However, it has been concluded that the Tg for pure 
lactose and for lactose in skim milk is almost the same (Jouppila & Roos, 1994a). It is further not defined 
in the Gordon-Taylor equation if the predicted Tg is the onset Tg, midpoint Tg or endset Tg. Still the 
predicted Tg gives one a good approximation whether the measured data is in a reasonable range or 
not.   
Figure 28 for powder 3 and also the figures for all other powders in Appendix 10.4, show that the 
measured Tg before and during storage of six weeks is well above the storage temperature (20°C). Also 
it can be concluded that the water contents measured are always below the critical water content in 
each powder. Since the Tg during storage could be determined in DSC measurements none of the 
powders had crystallized. All powders (except powder 4) absorb water during storage but the amount 
of absorbed water was not enough to actually decrease the Tg to the temperature of storage (20°C). 
This means that lactose did not undergo glass transition and a time-dependent crystallization of lactose 
did not occur. In Appendix 10.4 for powder 4 (DD) it can be seen that the Tg before storage is very 
close to the storage temperature. The water content is though below the critical water content. If 
lactose in this powder would have been in a crystalline state before storage the desorption during the 
first two weeks could be explained as a way to equilibrate with the surrounding in the desiccator. 
However, the Tg of this powder could be detected during DSC measurements before storage and 
throughout the storage time which means that no crystallization should have taken place.  
The glass transition temperatures of all powders could be determined very well from the DSC 
thermograms, such as shown in Figure 21. In a work of Shrestha et. al the Tg (onset) for spray dried 
skim milk after humidification at 0.328 aw was 30.9°C±0.3 which can be compared with the non-
evaporated skim milk powder after six weeks of storage which was 30.68°C. However, a different 
scanning rate during the DSC measurement was used (Shrestha, Howes, Adhikari, & Bhandari, 2008). 
When taking out the powders from the desiccators after each week for analysis no big difference in 
the appearance of the powder was noticed. The spray dried powder for example was still as sticky and 
hygroscopic as before storage. According to a work of Jouppila and Roos no loss of adsorbed water (a 
loss of adsorbed water would indicate crystallization) was found in milk powder stored 600 hours at 
RH 33%, 24 °C (Jouppila & Roos, 1994a). In literature it is further concluded that crystallization of 
amorphous lactose occurs above 0.33 aw at room temperature (Roos & Karel, 1990). During storage at 
low relative humidity such as RH 33 % it does not come to crystallization due to low molecular mobility 
and diffusion (Jouppila, Kansikas, & Roos, 1997). Lactose does not have the mobility to orient into a 
crystal (Jouppila, Kansikas, & Roos, 1997). 
After one week of storage all evaporated powders absorb more water than the non-evaporated ones. 
It is possible that in the evaporated powders the proteins are more available to absorb water. It is 
mentioned in literature that pre-concentration of milk leads to formation of nuclei which may affect 
the crystallization of lactose in the powder (Jouppila & Roos, 1994a). The use of different drying 
methods and pre-concentration of milk may have a great impact on what kind of lactose crystals that 
are formed. If the anhydrous β-lactose crystal is formed the water might instead be adsorbed by 
proteins and other components in the powder. If for example the α-lactose monohydrate is formed 
(with 5% water bound) the remaining water is probably absorbed by other solids (Jouppila & Roos, 
1994a). In this work it was however not investigated what kind of crystals that were formed in the 
different powders after manufacturing. 
6.2.3 Water activity 
When looking at Figure 29 it can be seen that the water activity for powder 3 behaves similar as the 
water content in comparison with Tg. When water activity increases, Tg decreases. In this case it seems 
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like the powder equilibrates at a water activity of around 0.3. For powder 4 in this case the water 
activity decreases due to desorption of water and then equilibrates. In these figures the Tg predicted 
by Vuataz equation for milk powders seems to fit the measured data well. 
6.3 Storage at RH 53 % 
6.3.1 Water content 
Figure 30 shows that all powders, except for powder 4, absorbed water at least during one week of 
storage. The freeze dried powders (3 and 6) absorbed the most water, thereafter the spray dried and 
drum dried. An explanation for this has already been given in section 6.2.1. Powder 1 adsorbed water 
after one week and desorption follows. Powder 5 also adsorbed water to the first week and then 
desorbed water. After six weeks of storage powder 5 lost all of the absorbed water. In a work of Bushill 
et.al it was found that spray dried lactose and freeze dried lactose stored at RH 55% lost all absorbed 
water until the initial water content was reached due to crystallization (Bushill, Wright, Fuller, & Bell, 
1965). Powder 6 absorbed water for two weeks, then desorption followed. Powder 3 surprisingly 
adsorbed water during the whole storage time. Powder 2 absorbed water after 1 week and then 
desorbed water.  
For some powders the water content increases after desorption. This must be due to equilibration with 
the surrounding inside a desiccator which has been discussed earlier in section 6.2.1.  
6.3.2 The glass transition temperature 
No glass transition temperatures could be detected after one week of storage (except from powder 6 
(FD)) due to crystallization of lactose. Compared to the results from storage at RH 33% the powder in 
this case takes up more water, lactose solubilises in the adsorbed water and this leads to a depression 
on Tg below the storage temperature. When water is absorbed the matrix gets more rubbery and may 
rearrange into a crystalline state (Jouppila, Kansikas, & Roos, 1997) (Vuataz, 2001). When Tg is below 
the storage temperature crystallization occurs and this is shown as a loss of moisture (Roos & Karel, 
1990). When looking at Figure 31, it can be seen that all powders before storage have their Tg above 
the storage temperature except from powder 4. Also all powders have their water content below the 
critical water content before storage except from powder 4. Powder 4 is the only powder that desorbs 
water during storage of the first week which must be explained by crystallization of it on an early state 
during the first week. This powder probably crystallized first of all powders. Due to the fact that analysis 
of powders was carried out for the first time after 7 days it is difficult to tell when exactly crystallization 
happened in powder 4 but also for all other powders.  In Figure 31 it is seen that after one week of 
storage powder 6 takes up so much water that the water content increased above the critical water 
content and below the storage temperature. Hence, it is surprising that the Tg of powder 6 after one 
week storage could be determined in the first place. It is seen in Figure 30 that powder 6 absorbs water 
until two weeks of storage. After two weeks the water content slowly decreases. Powder 6 also has 
the highest Tg before storage. It is assumed that powder 6 therefore crystallized later than other 
powders.  
Also powder 1,2 and 5 seem to have adsorbed so much water that the Tg decreased and crystallization 
occurred. Powder 3 seemed to have adsorbed water during the whole storage time and a loss of sorbed 
water did not happen. No Tg could be determined for powder 3 after one week. Sorption of water of 
this powder was however highest during the first week. A suggestion is that the powder crystallized 
after one week and that changes in water content was a way to reach equilibrium inside the desiccator. 
Sources of error for the water content determination will be discussed in section 6.4.1. 
Storage at high relative humidity at constant temperatures causes crystallization of lactose and 
adsorbed water is released according to literature (Jouppila & Roos, 1994). This could be clearly seen 
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from this work. When collecting the powders from the desiccators it was noticed that the powders had 
altered. Especially for the spray dried powder it was noticed that the powder already after one week 
of storage was not as sticky as before and it had turned into a big clump.  
According to the Tg values predicted for all powders after one week of storage by the Vuataz equation 
they should all be below 30°C. Also the predicted Tg values from the Gordon-Taylor equation showed 
values below storage temperature (except from powder 4). The uncertainties whether this Tg is the 
onset Tg has already been discussed. 
In literature the crystallization of lactose in milk powder was found to occur during storage at a relative 
humidity of 53.8 % after nine days. The loss of sorbed water indicated the crystallization of lactose 
(Jouppila & Roos, 1994a).  Lactose was found to crystallize (storage time unknown) in spray dried and 
freeze dried skim milk at RH >50% at 24.5°C (Berlin, Andersson, & Pallansch, 1968). Lai and Schmidt 
found lactose in skim milk powder to crystallize after two days at RH 54% (Lai & Schmidt, 1990). 
6.3.3 Water activity 
Water activity and water content show similar patterns for powder 5 in Figure 32. The water activity 
does not seem to have equilibrate in most powders after six weeks. When crystallization happened in 
the powder water was released due to the formation of crystals. Thereby the water activity increased. 
When water was released the salt in the desiccators absorbs water from the air in order to reach 
equilibrium. Possible fluctuations in water activity is to be explained by equilibration with surrounding. 
6.4 Possible sources of error 
6.4.1 Water content determination 
It is important that the determination of water content before performing DSC measurements is 
correct since water has a crucial impact on Tg (Roos & Karel, 1990). During storage at RH 53 % when 
the powders all became crystalline the water content for some powders increased after crystallization 
(between four and six weeks of storage). When a material is in a crystalline state it is easier to pull out 
water from it compared to a material which is in an amorphous state. In that case the water content 
determination might have given a source of error. 
6.4.2 DSC 
On an early state of the project it was found that the determination of the glass transition temperature 
with DSC was difficult. The difficulties laid in filling the pans with powder. The pan, having a diameter 
of approximately 7mm, see Figure 33, was filled with an amount of 3-5mg. The powder was transferred 
into the pan with tweezers. It was extremely important to not spill any powder on the outer edges of 
the pan, see Figure 34. This was very difficult and could not always be avoided especially when 
transferring the very sticky and hygroscopic spray dried powder into the pan. In the thermogram the 
step change of the glass transition was sometimes noisy. This could probably have happened due to 
spillage of powder on the outer edge which lead to that the pan was not completely sealed. When 
filling the pans it was also important to make sure that the amount of powder was not too much in 
order to prevent that the lid came in contact with the sample. According to literature the glass 
transition shown in a thermogram of lactose in skim milk powder can easily be confused with the 
endothermic peak of relaxation (Vuataz, 2001). It is therefore common to scan the powder two times, 
first over Tg, then cool it rapidly and heat it again above Tg (Vuataz, 2001). In the experiments of this 
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project only one scan over the glass transition was performed and the issue of having an extra peak of 
relaxation was not observed.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 34. An open pan used in DSC measurements with 
corresponding lid (own picture) 
Figure 33. A pan used in DSC measurements next to a ruler 
indicating the size of the pan (own picture) 
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7 Conclusions 
From this work it can be concluded that lactose in drum dried, freeze dried and spray dried skim milk 
powders is in its amorphous state after manufacturing. Lactose does not undergo glass transition 
during manufacturing and the losses of lysine are expected to be low in these powders. This result 
indicates that the drying methods and drying parameters used to produce these skim milk powders 
are suitable for keeping lactose in its amorphous state. During storage at RH 33 % and room 
temperature lactose does not transition and remains in its amorphous state after one, two, four and 
six weeks. Since lactose does not crystallizes losses of lysine are expected to be low. In contrast, storing 
of skim milk powders at RH 53 % and 30°C seems not favourable since lactose transitions after one 
week (or earlier) and losses of lysine are expected to be higher in these powders compared to powders 
stored at RH 33% and room temperature. These results show which storage conditions that are most 
suitable to choose for a consumer of skim milk powder containing products in order to maintain the 
quality of the powder. 
It can be concluded from these results that the relative humidity and temperature during storage have 
an effect on the glass transition temperature of lactose. Furthermore, all powders (except the non-
evaporated drum dried powder) stored at 53 % RH and 30°C need at least one week to adsorb enough 
water which thereafter is released due to crystallization.  
When comparing all three drying methods freeze drying seems to be the best alternative for drying 
skim milk when considering health aspects and losses of lysine. The Tg of lactose in these powders is 
the highest and no heat is applied during processing. 
In this work it could not be concluded whether evaporation of skim milk has an impact on Tg. However, 
evaporated skim milk powders seem in general dryer compared to non-evaporated powders, i.e. their 
Tg is higher (exceptions powder 3 and 6), which seems favourable for storing the powder and when 
considering losses of lysine. 
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8 Suggestions for further investigations 
In order to verify that losses of lysine are higher in powders stored at RH 53% and 30°C compared to 
at RH 33% and room temperature the amount of available lysine in each powder should be 
determined.  
For future experiments the issue of having different water contents in each powder should be 
considered. Powders could be stored for a longer time and analysis could be done more regularly also 
at different condition at various relative humidity and temperatures in the future. This would give one 
the opportunity to establish sorption isotherms for each powder. 
Scanning the samples twice during DSC measurements in order to not confuse Tg with the peak for 
relaxation should be investigated and trials should be performed and compared with the literature. In 
this study the crystallization of lactose was assumed to happen when no Tg could be detected in the 
thermogram. However, further methods such as scanning electron microscopy could be used to 
confirm that lactose is in the amorphous or crystalline state. 
Identification of crystals formed in different skim milk powders should be investigated with X-ray. The 
formation of different crystals seems to be connected to the transition of lactose in skim milk powders 
during storage.  
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10 Appendix 
10.1 Dry matter determination of skim milk 
  Sample 1 Sample 2 Sample 3 
Weight container 31.7 37.2 36.3 
Weight container+milk 55.7 54.1 54.3 
Weight milk 24.1 16.9 18.0 
Weight after heating 33.8 38.8 38.0 
Weight dry sample 2.24 1.57 1.66 
Weight water 21.8 15.3 16.3 
Dry matter (%) 9.29 9.33 9.24 
Water content (%) 90.7 90.7 90.8 
Average dry matter (%) 9.29 ± 0.051   
Average water content (%) 90.7± 0.051   
1 Mean values ± standard deviation of triplicate samples 
 
10.2 Water content, water activity and Tg (onset) obtained during storage at RH 33 %, 
20°C 
One week storage at RH 33 % 
Product Water content (%) Total solids (%) aw  Tgonset (°C)  
Powder 1 5.81 ± 0.11a 94.2 ± 0.1a 0.314 ± 0.007a 25.0 ± 0.5a 
Powder 2 4.67 ± 0.10b,c 95.3 ± 0.1b,c 0.343 ± 0.018a,b 40.1 ± 0.3b,c 
Powder 3 6.05 ± 1.52b,c,e 94.0 ± 1.5b,c,e 0.302 ± 0.029a,b,c 36.6 ± 0.8b,d,e 
Powder 4 5.89 ± 0.06a,d,e,f 94.1 ± 0.1a,d,e,f 0.328 ± 0.006a,b,c,d 38.3 ± 0.7b,d,f,g  
Powder 5 5.66 ± 0.06a,d,e,g,h 94.3 ± 0.1a,d,e,g,h 0.346 ± 0.017a,b,c,d,e 25.3 ± 0.1a,d,f,h,i 
Powder 6 6.13 ± 0.11b,d,e,f,i 93.9 ± 0.1b,d,e,f,i 0.340 ± 0.039a,b,c,d,e 24.8 ± 0.9a,d,f,h,i 
1 Mean values ± standard deviation of triplicate samples 
2 Values with same letters within a column do not differ significantly (p>0.05) 
 
Two weeks storage at RH 33 % 
Product Water content (%) Total solids (%) aw  Tgonset (°C) 
Powder 1 5.57 ± 0.16 94.4 ± 0.2 0.311 ± 0.007 27.7 ± 4.5 
Powder 2 5.10 ± 0.04 94.9 ± 0.1 0.319 ± 0.001 25.5 ± 0.7 
Powder 3 6.10 ± 0.03 93.9 ± 0.1 0.325 ± 0.011 35.1 ± 3.2 
Powder 4 5.71 ± 0.11 94.3 ± 0.1 0.330 ± 0.002 23.8 ± 0.4 
Powder 5 6.00 ± 0.17 94.0 ± 0.2 0.363 ± 0.012 22.6 ± 1.3 
Powder 6 6.33 ± 0.09 93.7 ± 0.1 0.324 ± 0.005 27.7 ± 1.0 
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Four weeks storage at RH 33 % 
Product Water content (%) Total solids (%) aw  Tgonset (°C) 
Powder 1 6.13 ± 0.17 93.9 ± 0.2 0.353 ± 0.055 34.9 ± 0.5 
Powder 2 5.65 ± 0.06 94.4 ± 0.1 0.333 ± 0.004 24.1 ± 2.9 
Powder 3 5.95 ± 0.06 94.1 ± 0.1 0.333 ± 0.009 36.7 ± 0.6 
Powder 4 5.83 ± 0.03 94.2 ± 0.1 0.326 ± 0.003 26.8 ± 0.1 
Powder 5 5.95 ± 0.06 94.1 ± 0.1 0.367 ± 0.047 32.3 ± 1.2 
Powder 6 5.66 ± 0.36 94.3 ± 0.4 0.338 ± 0.006 34.0 ± 0.2 
 
Six weeks storage at RH 33 % 
Product Water content (%) Total solids (%) aw  Tgonset (°C) 
Powder 1 5.66 ± 0.08a 94.3 ± 0.1a 0.320 ± 0.004a 28.3 ± 1.2a 
Powder 2 5.60 ± 0.05a,c 94.4 ± 0.1a,c 0.311 ± 0.004b,c 27.5 ± 0.1a,c 
Powder 3 6.28 ± 0.05b,d,e 93.7 ± 0.1b,d,e 0.315 ± 0.003a,c,d 35.8 ± 1.5b,d,e 
Powder 4 5.60 ± 0.17a,d,e,g 94.0 ± 0.2a,d,e,g 0.320 ± 0.014a,c,d,e 27.0 ± 1.1a,c,f,g 
Powder 5 5.60 ± 0.05a,c,f,h,i 94.4 ± 0.1a,c,f,h,i 0.306 ± 0.006b,c,d,e,f 30.7 ± 0.8a,d,f,h,i 
Powder 6 6.49 ± 0.07b,d,f,h,j 93.5 ± 0.1b,d,f,h,j 0.326 ± 0.011a,c,d,e,f 36.1 ± 0.9b,d,e,h,j 
1 Mean values ± standard deviation of triplicate samples 
2 Values with same letters within a column do not differ significantly (p>0.05) 
 
10.3 Water content, Tg and time during storage at RH 33 %, 20°C 
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10.4 Predicted and measured Tg for powders stored at RH 33%, 20°C 
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10.5 Water activities and Tg for powders stored at RH 33 %, 20°C 
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10.6 Water content, water activity and Tg (onset) obtained during storage at RH 53 %, 
30°C  
One week storage at RH 53 % 
Product 
 
Water content (%) Total solids (%) aw  Tgonset (°C) 
Powder 1 7.48 ± 0.10 92.5 ± 0.1 0.437 ± 0.003 - 
Powder 2 7.07 ± 0.03 92.9 ± 0.1 0.389 ± 0.002 - 
Powder 3 6.42 ± 0.01 93.6 ± 0.1 0.390 ± 0.001 - 
Powder 4 5.58 ± 0.04 94.4 ± 0.1 0.404 ± 0.002 - 
Powder 5 7.73 ± 0.07 92.3 ± 0.1 0.436 ± 0.018 - 
Powder 6 7.76 ± 0.13 92.2 ± 0.1 0.421 ± 0.001 26.8 ± 4.9 
 
Two weeks storage at RH 53 % 
Product Water content (%) Total solids (%) aw  Tgonset (°C) 
Powder 1 7.00 ± 0.06 93.0 ± 0.1 0.455 ± 0.023 - 
Powder 2 6.44 ± 0.07 93.6 ± 0.1 0.423 ± 0.001 - 
Powder 3 6.96 ± 0.07 93.0 ± 0.1 0.407 ± 0.002 - 
Powder 4 5.88 ± 0.18 94.1 ± 0.2 0.456 ± 0.039 - 
Powder 5 7.66 ± 0.04 92.3 ± 0.1 0.471 ± 0.016 - 
Powder 6 8.41 ± 0.10 91.6 ± 0.1 0.451 ± 0.018 - 
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Four weeks storage at RH 53 % 
Product Water content (%) Total solids (%) aw  Tgonset (°C) 
Powder 1 5.54 ± 0.16 94.5 ± 0.2 0.455 ± 0.011 - 
Powder 2 6.10 ± 0.02 93.9  ± 0.1 0.460 ± 0.026 - 
Powder 3 7.19 ± 0.05 92.8 ± 0.1 0.452 ± 0.006 - 
Powder 4 6.02 ± 0.07 94.0 ± 0.1 0.467 ± 0.002 - 
Powder 5 6.24 ± 0.16 93.8 ± 0.2 0.467 ± 0.006 - 
Powder 6 8.09 ± 0.01 91.9 ± 0.1 0.511 ± 0.320 - 
 
Six weeks storage at RH 53 % 
Product Water content (%) Total solids (%) aw  Tgonset (°C) 
Powder 1 5.84 ± 0.12a 94.2 ± 0.1a 0.467 ± 0.001a - 
Powder 2 6.81 ± 0.02b,c 93.2 ± 0.01b,c 0.470 ± 0.004a,c - 
Powder 3 7.36 ± 0.30b,c,e 92.6 ± 0.3b,c,e 0.482 ± 0.006b,c,e - 
Powder 4 5.75 ± 0.11a,d,f,g 94.3 ± 0.1a,d,f,g 0.469 ± 0.009a,c,e,g - 
Powder 5 4.67 ± 0.10b,d,f,h,i 95.3 ± 0.1b,d,f,h,i 0.446 ± 0.010a,d,f,h,i - 
Powder 6 7.23 ± 0.08b,d,e,h,j 92.8 ± 0.1b,d,e,h,j 0.466 ± 0.006a,c,f,g,i - 
1 Mean values ± standard deviation of triplicate samples 
2 Values with same letters within a column do not differ significantly (p>0.05) 
10.7 Predicted Tg by Gordon-Taylor equation 
For the prediction of the glass transition temperature for all powders with different solid contents 
(w1) and water contents (w2) the Gordon-Taylor equation was used (see equation below). The values 
used for the constants k, Tg1 and Tg2 in the Gordon-Taylor equation were 6.56, 101°C and -135°C 
respectively. The values for the constants were taken from literature (Roos Y. , 1995). 
Tg =
w1 × Tg1 + k × w2 × Tg2
w1 + k × w2
 
Before storage 
Product w1 (%) w2 (%) Tg (°C) 
Powder 1 96.0 3.98 50.6 
Powder 2 95.4 4.62 44.1 
Powder 3 97.9 2.08 72.1 
Powder 4 94.5 6.51 27.0 
Powder 5 95.1 4.92 41.2 
Powder 6 97.2 2.79 63.6 
 
Before storage – second freeze drying step 
Product w1 (%) w2 (%) Tg (°C) 
Powder 1 99.8 0.19 98.2 
Powder 2 98.9 1.10 84.9 
Powder 4 97.9 2.15 71.3 
Powder 5 97.0 2.96 61.6 
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Storage one week RH 33 % Storage one week RH 53 % 
Product w1 (%) w2 (%) Tg (°C) Product w1 (%) w2 (%) Tg (°C) 
Powder 1 94.2 5.81 33.0 Powder 1 92.5 7.48 19.2 
Powder 2 95.3 4.67 43.7 Powder 2 92.9 7.07 22.4 
Powder 3 94.0 6.05 30.9 Powder 3 93.6 6.42 27.8 
Powder 4 94.1 5.89 32.3 Powder 4 94.4 5.58 35.1 
Powder 5 94.3 5.66 34.3 Powder 5 92.3 7.73 17.3 
Powder 6 93.9 6.13 30.3 Powder 6 92.2 7.76 17.1 
 
Storage two weeks RH 33 % Storage two weeks RH 53 % 
Product w1 (%) w2 (%) Tg (°C) Product w1 (%) w2 (%) Tg (°C) 
Powder 1 94.4 5.57 35.1 Powder 1 93.0 7.00 23.0 
Powder 2 94.9 5.10 39.5 Powder 2 93.6 6.44 27.6 
Powder 3 93.9 6.10 30.5 Powder 3 93.0 6.96 23.3 
Powder 4 94.3 5.71 33.9 Powder 4 94.1 5.88 32.4 
Powder 5 94.0 6.00 31.4 Powder 5 92.3 7.66 17.8 
Powder 6 93.7 6.33 28.5 Powder 6 91.6 8.41 12.3 
 
Storage four weeks RH 33 % Storage four weeks RH 53 % 
Product w1 (%) w2 (%) Tg (°C) Product w1 (%) w2 (%) Tg (°C) 
Powder 1 93.9 6.13 30.2 Powder 1 94.5 5.54 37.1 
Powder 2 94.4 5.65 34.5 Powder 2 93.9 6.10 30.5 
Powder 3 94.0 5.95 31.8 Powder 3 92.8 7.19 21.5 
Powder 4 94.2 5.83 32.8 Powder 4 94.0 6.02 31.2 
Powder 5 94.1 5.95 31.8 Powder 5 93.8 6.24 29.3 
Powder 6 94.3 5.66 34.4 Powder 6 91.9 8.10 14.6 
 
Storage six weeks RH 33 % Storage six weeks RH 53 % 
Product w1 (%) w2 (%) Tg (°C) Product w1 (%) w2 (%) Tg (°C) 
Powder 1 94.3 5.66 34.4 Powder 1 94.2 5.84 32.8 
Powder 2 94.4 5.60 34.9 Powder 2 93.2 6.81 24.5 
Powder 3 93.7 6.28 28.9 Powder 3 92.6 7.36 20.2 
Powder 4 94.0 6.00 31.4 Powder 4 94.3 5.75 33.6 
Powder 5 94.4 5.60 34.9 Powder 5 95.3 4.67 43.6 
Powder 6 93.5 6.49 27.2 Powder 6 92.8 7.23 21.2 
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10.8 Prediction of Tg by Vuataz equation 
For the prediction of the glass transition temperature for all powders at different water activities the 
Vuataz equation (see below) was applied. 
Tg [°C](aw) = −425aw
3 + 545aw
2 − 355aw + 101 
Before storage 
Product aw Tg (°C) 
Powder 1 0.225 43.9 
Powder 2 0.294 32.9 
Powder 3 0.0920 72.6 
Powder 4 0.403 18.6 
Powder 5 0.305 31.4 
Powder 6 0.0773 76.6 
 
Before storage – freeze dried a second time 
Product aw Tg (°C) 
Powder 1 0 101 
Powder 2 0.0550 83.1 
Powder 4 0.0660 79.8 
Powder 5 0.0447 86.2 
 
One week storage 33 % One weeks storage RH 53 % 
Product aw Tg (°C) Product aw Tg (°C) 
Powder 1 0.314 30.1 Powder 1 0.437 14.5 
Powder 2 0.343 26.2 Powder 2 0.389 20.4 
Powder 3 0.302 31.8 Powder 3 0.390 20.2 
Powder 4 0.328 28.2 Powder 4 0.404 18.5 
Powder 5 0.346 25.8 Powder 5 0.436 14.6 
Powder 6 0.340 26.6 Powder 6 0.421 16.4 
 
Two weeks stored RH 33 % Two weeks stored RH 53 % 
Product aw Tg (°C) Product aw Tg (°C) 
Powder 1 0.311 30.5 Powder 1 0.455 12.3 
Powder 2 0.319 29.4 Powder 2 0.423 16.2 
Powder 3 0.325 28.6 Powder 3 0.407 18.1 
Powder 4 0.330 27.9 Powder 4 0.456 12.2 
Powder 5 0.363 23.6 Powder 5 0.471 10.3 
Powder 6 0.324 28.7 Powder 6 0.451 12.8 
 
Four weeks stored RH 33 % Four weeks stored RH 53 % 
Product aw Tg (°C) Product aw Tg (°C) 
Powder 1 0.353 24.9 Powder 1 0.456 12.2 
Powder 2 0.333 27.5 Powder 2 0.460 11.7 
Powder 3 0.333 27.5 Powder 3 0.452 12.6 
Powder 4 0.326 28.5 Powder 4 0.467 10.8 
Powder 5 0.367 23.1 Powder 5 0.467 10.8 
Powder 6 0.338 26.9 Powder 6 0.511 5.20 
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Six weeks stored RH 33 % Six weeks stored RH 53 % 
Product aw Tg (°C) Product aw Tg (°C) 
Powder 1 0.320 29.3 Powder 1 0.467 10.8 
Powder 2 0.311 30.5 Powder 2 0.470 10.4 
Powder 3 0.315 30.0 Powder 3 0.482 8.92 
Powder 4 0.320 29.3 Powder 4 0.469 10.5 
Powder 5 0.306 31.2 Powder 5 0.446 13.3 
Powder 6 0.326 28.4 Powder 6 0.466 11.0 
 
10.9 Water content and water activity of powders stored at RH 53%, 30°C. 
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